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2/205Abstract
Diatoms represent between 25% and 45% of all marine primary productivity. As yet, however, 
the potential  of using diatom isotopes,  in particular oxygen (51 8 Odiatom ),  in palaeoceanographic 
reconstructions has yet to be fully assessed. Work here within this thesis demonstrates a method 
for  extracting  pure,  mono  or  near  mono  species  specific,  diatom  samples  from  marine 
sediments.  Over  two  time  intervals,  the  potential  of  using  8l8O diatom   in  palaeoceanographic 
reconstructions is then shown at ODP site 882 in the North West Pacific Ocean over the onset of 
major Northern  Hemisphere Glaciation (2.73  Ma) and over the  last 200 kyr BP.  During both 
periods, major changes in the halocline/stratification of the water column, relating to significant 
freshwater input to the region, are reconstructed. These results indicate a significant role for the 
region in initiating glacier growth across the North American continent and in causing changes 
in  atmospheric pC0 2.  Strong  evidence  exists,  however,  that  both  an  inter-  and  intra-species 
vital/species effect of up to 3.5l%o may be present in 51 8 Odiatom . As such, this may limit future 
applications of 51 8 O diatom  to samples which are dominated by only one taxa.
Section  two  of the  thesis  investigates  the  potential  for wet-alkaline  measurements  of BSi  to 
provide  insights  into  the  global  silicon  cycle.  A  sequential  Si/Al  technique,  which  directly 
accounts for levels of clay/aluminosilicate digestion, is demonstrated to produce lower and more 
accurate  measurement  of BSi  in  samples  for which  a rapid  non-BSi  digestion  phase  occurs. 
However,  comparisons  between  wet-alkaline  BSi  measurements  and  diatom  biovolume 
measurements, which more accurately reflect the true amount of BSi within a sample, show a 
poor relationship between the two variables. This is particularly true in samples where diatom 
dissolution  is  high.  Consequently,  diatom  biovolume  measurements  may  be  better  suited  for 
making quantitative palaeoenvironmental reconstructions.
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12/205PhD rationale and structure
To  date,  the  majority  of  marine  isotope  records  derived  from  biological  organisms  have 
originated from sites rich in biogenic carbonates such as foraminifera and ostracods. While this 
work has provided key insights into past climatic changes over both long, glacial-interglacial, 
and  short,  millennial  timescales,  a major  limitation of current palaeoceanographic  research is 
the absence of biogenic carbonates in high latitude regions such as the Southern Ocean, which 
are  believed  to  be  both  sensitive  to  and  potential  drivers  of  global  climate  change  (e.g., 
Shackleton, 2000; Brzezinski et al., 2002).
Traditionally,  palaeoenvironmental  research  in  these  high  latitude  and  other  carbonate  free 
regions has  focused on using a range of other proxies  including minerogenic proxies  and the 
analysis of non-carbonate microfossils such as diatoms. Recent years, however, have witnessed 
considerable  advancements  in  the  development  of techniques  for  extracting  isotope  records 
from non-carbonate biological organisms (e.g., Liicke et al., 2005; Brzezinski et al., 2006).  In 
particular, isotope measurements of diatoms are widely believed to contain significant potential 
for enabling  isotope based palaeoenvironmental reconstructions  to be conducted at carbonate 
depleted  locations.  To  date,  four  isotopes  have  been  analysed  in  diatoms  and  used  for both 
palaeolimnological and palaeoceanographic research:  8 180 ,  530Si,  5 I3C   and 8 I5N   (see reviews in 
Leng and Barker, 2006, De La Rocha, 2006). Within  marine systems, it is likely that records of 
51 8 O diatom  hold the  greatest potential  for use  in palaeoenvironmental reconstructions  due to  its 
ability to complement and extend existing planktonic foraminifera  5 I80   studies that have been 
carried  out  at  lower  latitudes.  However,  in  contrast  to  lacustrine  systems  where  records  of 
51 8 O diatom  are increasingly being used in palaeoenvironmental reconstructions, measurements of 
51 8 O diatom   have  yet  to  be  widely  applied  in  marine  systems  or  compared  to  more  established 
techniques  such  as  planktonic  foraminifera  or  other  geochemical/proxy  data.  Due  to  this, 
uncertainty  remains  as  to  the  true  palaeoceanographic  potential  of 8l8Odiatom .  For  example,  it 
remains  unknown  if  5 180 diatom  can  be  used  to  complement  records  of  5 18O f orain  to  provide 
seasonal/depth  constraints  on palaeoceanographic  reconstructions  in  instances  where  diatoms 
and  foraminifera  co-exists  within  the  sediment,  or whether  5 18O d ia(om  can be  used  as  a direct 
replacement for planktonic foraminifera at sites where carbonates are not preserved.
Related to this, is the increasing demand for measurement of 530Sidiato m  in palaeoenvironmental 
reconstruction.  Similar  to  S^Od^m,  measurements  of  630SidiatO m ,  recording  rates  of  nutrient 
utilisation, should enable a more detailed insight with respect to understanding the global silicon 
cycle and the possible role of the biological pump in modulating atmospheric variations of pC0 2  
(Brzezinski  et al., 2002).  However, due to the problems in analysing and extracting sufficient 
clean  diatom material  for isotope  analysis,  it  is  likely that  it will  be  rarely  feasible  for both 
S1 8 Odiatom  and 530Sidiato m  to be analysed on the same sample. Consequently, it can be expected that
13/205demand will continue for measurements  of sedimentary Biogenic  Silica (BSi)  concentrations, 
which  provide  complementary  information  to  530Sidiatom   by  documenting  changes  in  surface 
water siliceous productivity.
While  5l8O diiitom   and  BSi  concentrations  are  both  very  different  techniques,  they  are  closely 
linked by both being primarily derived or based  on  the  fossilised remains  of diatom  frustule 
within  the  sediment  record.  In  addition,  as  summarised  above  and  within  the  thesis,  both 
techniques contain significant potential in enabling a more in depth analysis as to the responses 
and role of carbonate free regions, e.g., high latitude regions, during both regional and global 
climatic  events.  Due  to  this,  and  given  the  increasing  demand  for  palaeoenvironmental 
information  from  carbonate  free  systems,  it  is  necessary  to  establish  the  validity  of  both 
§l8O diau> m  and BSi concentrations measurements and the potential problems associated with each 
that may lead to biases in any palaeoenvironmental reconstructions.  For example,  as  detailed 
within  the  literature  reviews  contained  in  this  thesis,  significant  uncertainty  surrounds  the 
analytical  and  sample  preparation  techniques  for  both  5 l8O diatom  and  BSi  concentrations.  In 
addition, both proxies are also potentially affected by issues of dissolution and changes to the 
diatom  frustules  during  and  after  burial  within  the  sediment  record.  Within  this  thesis,  the 
relative  impact  of  these  and  other  issues  which  may  affect  records  of  51 8 O diatom   and  BSi 
concentrations are assessed through a combination of methodological and palaeoenvironmental 
techniques in order to assess the relative accuracy and potential of both proxies and to determine 
what future improvements are required in order to increase the reliability of 5l8Odiato m  and BSi 
derived reconstructions.
The work in this PhD thesis is presented in a two part hybrid format: Part 1  focusing on 5 18O diatom 
and Part  2   on sedimentary Biogenic  Silica (BSi) concentrations.  Chapters within each section 
are written in the style of a series of journal articles, each of which in turn addresses the main 
themes and aims being addressed by this thesis, as outlined in the following chapters. Details on 
individual sites and their environmental setting are presented where relevant within individual 
chapters  rather  than  in  a  separate  section.  In  Part  1,  Chapter  1   reviews  the  literature  and 
background  behind  the  use  of  8l8Odiatom   in  palaeoceanographic  reconstructions  as  well  as 
summarising  existing uncertainties  including  the  51 8 Odiatom -temperature  coefficient,  the  role  of 
silica maturation and the possibility for vital effects to influence records of 51 8 O diatom - Subsequent 
chapters aim to address some of these uncertainties from a palaeoceanographic perspective at 
ODP Site  8 8 2   in the North West Pacific  Ocean where other,  more established,  proxy data in 
addition to modem day oceanographic information can be drawn upon to assess the potential as 
well as the difficulties in analysing and understanding measurements of 8 18O d jat0m- A key feature 
of ODP Site  8 8 2   is the presence of both diatoms and planktonic foraminifera in the sediment 
record, permitting a direct comparison of the isotope records of these two organisms.
14/205Chapters 2 and 3 examine the potential for isotope vital/species effects to exist in 5l8Odiatom - By 
analysing fossil diatom material from ODP Site 882 in the North West Pacific Ocean, Chapter 2 
documents the development of a technique, based on Morley (2004), to extract pure, near single 
species specific, diatoms for isotope analysis from marine sediment cores.  From the extracted 
samples  large  isotope offsets  in 5l8Odiatom  are detected between two  size  fractions  (75-150  pm 
and >150  pm)  across  the  onset  of major Northern  Hemisphere Glaciation  (NHG)  (2.83-2.73 
Ma).  In  Chapter  3  similar,  but  more  variable,  81 8 Odiatom   offsets  are  observed  between  other 
diatom size fractions (38-75 pm and >100 pm) over the last 200 kyr. Although in the absence of 
contemporary water column and  laboratory culture experiments the precise mechanisms behind 
these  offsets  can  not  be  conclusively  established,  the  results  provide  strong  evidence  for  a 
possible vital/species effects in 8 ,8O djat0m.  These results have significant implications for the use 
of 5,8Odiato n i  in  palaeoenvironmental  reconstructions  and  indicates  that  samples  need  to  be  as 
species  and  size  specific  as possible.  Such  issues  form  the basis  of sample  selection  for the 
palaeoceanographic reconstructions carried out in subsequent chapters.
In Chapters 4 and 5, the ODP Site  8 8 2   8 18O djatom  datasets from Chapters  2   and 3, together with 
additional 5 18O diatoni and other proxy data, are used to reconstruct palaeoceanographic changes in 
the North West Pacific Ocean.  Following consideration of the isotope offsets documented  in 
Chapter  2   and 3, the chapters examine the potential for using  8 18O diat0m  in palaeoceanographic 
reconstructions,  both  as  a  stand-alone  proxy  and  alongside  complementary  records  such  as 
§*8Oforam j Uk 37>  opal accumulation rates and magnetic susceptibility. Particular attention is given 
towards  considering  issues  which  may  affect  the  reliability  of the  5 18O diatom  record  such  as 
secondary isotope exchange (Schmidt et al.,  1 9 9 7 ;  2 0 0 1 , Brandriss et al.,  1 9 9 8 )  and the possible 
impact  of  dissolution.  Chapter  4  focuses  on  the  possible  development  of  a  halocline 
stratification system in the North West Pacific Ocean over the onset of major NHG when large 
ice-sheets  expanded  across  the  Northern  Hemisphere.  By  combing  records  of 8 18O djatom  with 
planktonic  5 18O f 0ram,  a seasonally  specific record of autumn/early winter  ( 5 18O diatom)  and spring 
(8*8 Oforam ) palaeoceanographic conditions are reconstructed to indicate significant water column 
changes and freshwater inputs to the region.  Chapter 5  examines the stability of the stratified 
water  column  at  ODP  Site  8 8 2   between  MIS  1  and  MIS  7   ( 0 - 2 0 0   kyr  BP)  and  the  role  of 
changes in the water column in controlling atmospheric variations in pC0 2  concentrations both 
within  glacials  and  over glacial-interglacial  cycles.  Despite  the  current uncertainties  over the 
role  of  diatom  dissolution,  vital  effects  and  silica  maturation  in  diatoms,  these  two 
reconstructions combine to highlight the clear potential that exists in using  8 l8O diatorn  both as a 
stand alone proxy and as a complement to more conventional palaeoceanographic records such 
as  8 18O foram-  In particular,  the  ability  in  Chapter 4  to  combine  measurements  of 8 l8O diatom  and 
8l8O foram  to obtain a seasonally resolved record of changes in palaeoceanographic conditions is
15/205significant and worthy of attempting to repeat in future studies.
In  Part  2 ,  the  background  and  relevance  of  BSi  measurements  in  palaeoenvironmental 
reconstructions  is  examined  within  the  context  of investigating  the  global  silicon  cycle.  A 
summary of the potential problems with BSi measurements is outlined with an emphasis on the 
issues of sample methodology and the impact of dissolution. These issues form the basis of the 
research presented in Chapter 6-8 and are similar in theme to many of the issues discussed in 
Chapter 2 - 5  concerning dissolution and silica maturation in 8 18O diatom-  Chapter 6  outlines existing 
techniques  for measuring  BSi  concentrations  as  well  as  the  limitations  associated  with  each 
method. A sequential Si/Al extraction technique is then introduced, which is argued to provide a 
more accurate and direct accountability for the dissolution of aluminosilicates. By applying both 
the sequential  Si/Al  and conventional wet-alkaline digestion techniques to a range of marine 
and  lacustrine  sediment  samples  from  around the  globe,  it  is  shown that  the  Si/Al  technique 
significantly lowers measured BSi concentrations for samples which undergo a significant non- 
BSi digestion phase during the first two hours of sediment digestion.
The  validity  of the  sequential  Si/Al  technique  is  subsequently  investigated  in  Chapter  7  by 
analysing two sediment cores covering the late glacial/Holocene interval in Lake Baikal, Russia. 
By comparing BSi measurements to diatom biovolume concentrations, which should provide a 
more accurate indicator of the true amount of BSi within a sample, it is shown that neither the 
Si/Al method nor the conventional Si only method are suitable for deriving detailed quantitative 
palaeoenvironmental  information on diatom productivity.  Chapter 8  subsequently  investigates 
this issue in greater detail by examining the glacial sediment record from Lake Baikal, which is 
characterised by extremely high levels  of diatom dissolution.  Similar to Chapter 7,  results  in 
Chapter 8 indicate a very poor relationship between BSi concentrations and measurements  of 
diatom biovolumes.  Through comparisons with  existing profiles available  from the lake,  it is 
suggested that the high level of diatom dissolution removes  significant quantities of biogenic 
derived silica from the sediment record. This, prevents measurements of BSi from being able to 
accurately detect changes in diatom concentrations, changes which can instead only be observed 
through  time  consuming  microscopy  work.  This  indicates  that  non-isotope  attempts  to 
investigate the silicon cycle and changes in diatom productivity should be based around the use 
of diatom biovolume concentrations rather than any geochemical based measurement.
The  thesis  concludes  with  Chapter  9,  which  summarises  the  findings  of the  thesis  and  their 
relevance  within  the  context  of  existing  research.  Within  this,  future  research  directions 
concerning the use of 8 18O diatom  and sedimentary concentrations of BSi in palaeoenvironmental 
reconstructions  are  discussed.  Copies  of individual papers based  on  all these  chapters  which 
have been published or submitted for publication are included in the Appendix.
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1.1. Stable isotopes
Stable isotopes of a single element are atoms whose nuclei contain the same number of protons, 
but different numbers  of neutrons. Although virtually  identical,  variations  in the atomic  mass 
cause minor chemical and physical differences between individual isotopes of a single element. 
These  isotopic  variations,  through  biological,  chemical  and/or  physical  processes,  result  in 
isotopic fractionations which create distinct isotope signatures within individual compounds. As 
such, the isotopic ratio of any biogenic or minerogenic sample provides information as to the 
environmental conditions and/or processes in which the sample either lived or was precipitated.
Isotope  measurements  are  recorded  as  5,  the  difference  between  the  analysed  sample  and  a 
laboratory working standard, and are reported in parts per mille (%o):
8Smplt(in %o) = Rs""^ ~ Rm  • 1000
Standard
(Eq.  1)
where Rsam pie is the isotope ratio of the compound being analysed and Rstandard is the isotope ratio 
of the  working/laboratory  standard.  Working  standards  are  in  turn  calibrated  with  respect  to 
internationally  accepted  standards,  such  as  those  issued  by  the  International  Atomic  Energy 
Agency (IAEA) or the National Institute of Standards and Technology (NIST) to enable inter- 
laboratory comparison of isotope data. Oxygen and carbon isotope standards for carbonates and 
organic matter are measured relative to V-PDB (Vienna -  PeeDee Belemnite). However, oxygen 
isotopes  from waters  and silicates  are quoted relative to V-SMOW (Vienna -  Standard Mean 
Oceanic Water).
Detailed  theoretical  and  background  information  on  stable  isotopes  and  their  application  in 
palaeoenvironmental  geochemistry  are  contained  within  Urey  (1947),  O'Neil  (1986),  Criss 
(1999)  and  Hoefs  (2004).  Below,  the  processes  relating  to  equilibrium  and  kinetic  isotope 
exchanges,  the  most  significant  forms  of  isotope  fractionation,  are  briefly  summarised  in 
Sections  1.1.1  and  1.1.2.  In  Section  1.1.3,  the  application  of  stable  isotopes  to 
palaeoceanographic research is summarised.
1.1.1. Equilibrium isotope exchange
Equilibrium  isotope  exchanges  are  isotope  changes  or a “redistribution”  of isotopes  between 
two  or  more  compounds  in  which  no  overall  net  reaction  occurs.  During  such  exchanges, 
heavier  isotopes  preferentially  fractionate  into  compounds  with  a higher oxidation  state.  For 
example, during phase state changes between water vapour and liquid the gas becomes enriched 
in 1 6 0  and ‘H while the liquid increases in 1 8 Q and 2H. Within equilibrium isotope exchange, an
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dependency  usually  below  analytical  detection  limits  (Clayton  et  al.,  1975).  As  a  broad 
generalisation,  the higher the temperature,  the  less  equilibrium  isotope  fractionation  between 
two compounds.
1.1.2. Kinetic effects/isotope exchanges
Kinetic  effects  represent  a unidirectional,  but  typically  incomplete,  fractionation  in  which  an 
overall net reaction takes place, such as may occur during evaporation, diffusion, dissociation or 
some  form  of biological  process  in  which  the  product  of the  reaction  becomes  physically 
separated from the reactant (Hoef, 2004). The magnitude of any fractionation is dependent upon 
reaction rates (determined by the reactive pathways and the energy involved in separating and 
forming  new  bonds),  isotope  abundances  in  the  reactant,  environmental  conditions  and  the 
impact of any vital or life effect. Since bonds between lighter isotopes in the reactant are broken 
and reacted more easily, the newly formed compound will be preferentially enriched in lighter 
isotopes while the reactant will become enriched in heavier isotopes.
For both equilibrium and kinetic exchanges, the fractionation of isotopes between two bodies 
can be defined by the fractionation factor a or the separation factor e:
_R r
ap~R   Rr
(Eq. 2)
where Rp and R r are the ratio of isotopes in the product and reactant respectively and:
6p .R =   ( O.P-R - 1) • 1000
(Eq. 3)
1.1.3. Palaeoceanographic application o f  stable isotopes
The  use  of stable  isotopes  to  reconstruct  palaeoceanographic  changes  was  first  proposed  by 
Urey (1947,  1948) who linked 51 8 0  variations in marine calcite to changes in temperature. This, 
together  with  subsequent  work  on  planktonic  and  benthic  foraminifera,  resulted  in  a  more 
detailed understanding as to the occurrence and mechanisms of glacial-interglacial cycles (e.g., 
McCrea  1950; Urey et al.,  1951; Emiliani  1955,  1971;  Shackleton,  1967,  1974) as well as the 
development of a series of palaeotemperature equations (O’Neil et al.,  1969; Shackleton  1974; 
Hays and Grossman 1991). Today, marine 8I80  records from biogenic and inorganic carbonates 
permit,  amongst  others,  the  reconstruction  of changes  in  deep  water  formation,  surface  and 
bottom  water temperature,  salinity,  global  ice  volume  and water  column  stratification  (e.g., 
Mulitza et al.,  1997;  Barrera and Johnson  1999;  Niebler et al.,  1999;  Ravelo  and Andreasen
19/2051999;  Zachos  et al.,  2001;  Simstich  et al.,  2003;  Rohling et al.,  2004).  In particular,  oxygne 
isotope  records  of foraminifera  (5*^0™) have  provided  detailed  insights  into  palaeoclimatic 
changes over both long, glacial-inteiglacial and geological, timescales (e.g.. Zachos et al., 2001) 
and  over  shorter,  millennial,  timescales  such  as  those  studies  focusing  on  Heinrich  and 
Dansgaard-Oeschger events (e.g., Skinner et al., 2003). Similarly, the analysis of other isotopes 
in marine carbonates, including 8nB, 51 3 C and 51 5 N, has allowed the reconstruction of a series of 
other  parameters  including  surface  water  pQ02,  ocean  circulation,  nutrient  utilisation  and 
palaeoproductivity (e.g., Duplessy et al.,  1988; Kroon and Ganssen,  1989; Pearson and Palmer, 
1999, 2000). Within lacustrine environments, stable isotopes ffom carbonates have also resulted 
in  a  similarly  large  range  of variables  being  inferred  from  both  biogenic  and  non-biogenic 
material (see Leng and Marshall, 2004; Leng et al., 2005a and references within).
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Figure  1:  Global  distribution  of  different  marine  sediment  types.  Redrawn  from  Open 
University, (1989).
While sources of carbonate, both biogenic and non-biogenic, represent one of the most common 
and  valuable  archives of stable  isotope  data for  palaeoceanographic  reconstructions,  a major 
limitation of their use is the absence of carbonates and in particular biogenic carbonates  from 
many siliceous dominated regions (Fig.  1). This is most notable in high latitude regions such as 
the  North  Pacific  Ocean  and  the  Southern  Ocean  which  are  increasing  viewed  to  be  both 
sensitive to and potential drivers of global climatic change (e.g., Shackleton, 2000; Brzezinski 
et al., 2002).  Despite the absence of carbonates, siliceous records ffom these regions have long
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al.,  2005).  In particular diatom microfossils,  unicellular siliceous eukaryotic algae,  have been 
heavily used; both in transfer function to reconstruct Sea Surface Temperatures (SST) and sea- 
ice  extent  (e.g.,  Crosta  et  al.,  2004;  Gersonde  et  al.,  2005)  and  through  measurement  of 
sedimentary Biogenic Silica (BSi) concentrations to reconstruct changes in palaeoproductivity 
(e.g., Romero et al., 2003; Kienast et al., 2006). However, although these records have resulted 
in  many  significant  palaeoceanographic  reconstructions,  it remains  desirable  to  also  generate 
biogenic records of 5I80  from these non-carbonate marine sites.
Firstly,  isotope records of 81 8 0  in high  latitude non-carbonate regions would complement and 
extend  existing  81 8 0   studies  derived  from  foraminifera  and  other  carbonates  at  low/mid 
latitudes.  This would create  a global  network of isotope records  which could provide  a more 
detailed  insight  as  to  past  global  and  regional  palaeoceanographic  events.  Secondly,  the 
incorporation of palaeoenvironmental information is different for both isotope and non-isotope 
samples. As discussed in more detail below, the 51 8 0 signal of a biogenic or inorganic sample is 
generally  a  direct  function  of  both  local  and  global  changes  in  temperature, 
mineralisation/calcification  processes,  habitat,  global  ice  volume  and  other  regional/local 
processes. In contrast the palaeoclimatic record inferred from biological assemblages within the 
sediment  is additionally  influenced by processes  such as  inter- and  intra-species  competition, 
migration,  dissolution  and  taxonomic  evolution.  Furthermore,  any  reconstruction  from  fossil 
assemblages may also be dependent on the mathematical uncertainties associated with the use of 
transfer functions (e.g., Birks,  1998; Telford et al., 2004; Telford and Birks, 2005). While it is 
not possible to state that any one approach,  isotope, geochemical or otherwise is superior, the 
notably  different  mechanisms  and  uncertainties  behind  both  isotope  and  non-isotope  records 
makes it possible to minimise the potential errors of any palaeoenvironmental reconstruction, if 
both are used together in a multi-proxy study. As such, it is necessary to investigate and develop 
potential archives of 5,80  which may be suitable for providing further insights into the nature of 
past climatic and oceanographic changes in carbonate free regions.
Certain types of biogenic silica, in particular diatoms, often flourish in high latitude regions and 
at other locations  where  carbonates  are  either rare  or not present within  the sediment record. 
Recent years have also witnessed considerable advancements in the techniques associated with 
analysing  stable  isotopes  in  diatoms  (51 8 0,  530Si,  51 3 C  and  8I5N)  (e.g.,  De  La  Rocha,  2002; 
Robinson  et al.,  2004;  Lticke  et al.,  2005).  As  such,  diatoms  are  widely  considered  to  have 
significant potential  for bridging  the  current  absence  of a biological  archive  of 5I80   in  non­
carbonate lacustrine and marine systems (see reviews in Leng and Barker 2006, De La Rocha,
2006).  The sections below review existing work on the development and usage of 5 l8 O d iatom   in 
palaeoceanography.  Existing  work  has  shown  the  unsuitability  in  analysing  other  common
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systematic  equilibrium  or  thermodynamic  isotope  fractionation  occurring  between  these 
organisms and the surrounding water (Mopper and Garlick, 1971; Matheney and Knauth, 1989). 
As such, these organisms are not considered further.
1.2.  Oxygen isotopes in diatoms
Oxygen  has  three  stable  isotopes:  1 6 0   (99.7630%),  1 7 0  (0.0375%),  l80  (0.1995%)  (Garlick, 
1969).  All  silicates,  including  diatoms,  are  composed  of silica  tetrahedrons.  Following  the 
uptake and fractionation of oxygen, covalent -Si-O-Si bonds are formed in the diatom frustule 
through the condensation of two Si-OH groups to form (Si02)n:
-Si-OH + -Si-OH -> -Si-O-Si + HzO
(Eq. 4)
Within the centre of the diatom frustule the -Si-O-Si bonds form an isotopically homogeneous 
dense layer of silica, the 51 8 0  of which is assumed to reflect the 5I80  of the water in which the 
oxygen was fractionated (Julliet,  1980a,b)  (Fig.  2). Around this,  a series  of weak -Si-0 bond 
exist.
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Figure 2: Schematic structure of diatom silica showing the isotopically homogeneous inner -Si- 
O-Si  and  the  outer  -Si-0  layer  which  forms  a  -Si-OH  hydroxyl  bond  (modified  from  Perry 
(1989)).
This  weakly  bonded,  less  dense,  outer  layer of the  frustule  represents  a notable problem  for 
analysing  5l8O diatom   with  water  able  to  freely  attach  to  form  a  -Si-OH  bond  of cubic  silica, 
cristobalite, held together by a hydrated silica gel (Hurd et al,  1979) (Fig. 2). With the porosity 
of  diatoms  relatively  high  (Lewin,  1961),  any  water  used  during  sample  preparation  or
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the diatom causing isotopic exchange during dehydroxylation and hydroxylation. Consequently, 
between 7% and 30% of all the oxygen in a diatom frustule may originate during the laboratory 
preparation  of a  sample  for  isotope  analysis  (Knauth,  1973;  Labeyrie,  1979;  Labeyrie  and 
Juillet,  1982;  Leng  et al.,  2001).  Given  the  importance  of accounting  for  the  -Si-OH  layer, 
Section  1.3  below  reviews  existing  methodologies  for  measuring  61 8 Odiato m -  Section  1.4 
subsequently reviews the palaeoceanographic processes which control 5,80  changes in the inner 
-Si-O-Si layer, which is believed to contain a preserved fossil surface water signal.
1.3.  Methodologies
Several techniques have been developed for extracting pure and clean diatoms from sediment 
samples  (Table  1).  A  key  pre-requisite  of any  isotope  analysis  is  the  necessity  of ensuring 
samples are free from all sources of non-diatom contamination. Existing work has demonstrated 
8,80diatoni  to  be  highly  sensitive  to  the  level  of  non-diatom  material  within  the  sample, 
particularly when sample purity falls below 90% (Morley et al., 2004). Obtaining pure diatom 
material  is  physically,  though  not  technically,  difficult  with  diatoms  intermixed  with  similar 
sized  clay  and/or  silt particles,  necessitating  the  need  for  a  series  of chemical  and  physical 
preparation stages (Shemesh et al.,  1995; Morley et al., 2004; Rings et al., 2004; Tyler et al.,
2007). Provided samples are “clean”, issues of contamination should be negligible and can be 
further corrected for through mass balance corrections (Morley et al., 2005; Lamb et al., 2007)
Table 1: Techniques for preparing and extracting pure diatoms samples for isotope analysis
Study
Juillet-Leclerc, (1986)
Morley et al. (2004)
Rings et al. (2004)
Tyler et al. (2007)
As detailed above, for palaeoenvironmental signals to be extracted from 5l8Odiato m  it is essential 
to remove or account for the -Si-OH outer hydrous layer which is subject to isotope exchanges 
during  sample preparation  and  storage.  Extraction of the  -Si-O-Si  layer however,  which  may 
require the removal of 20-30% of the total amount of oxygen within diatoms (Leng et al., 2001), 
is  technically  challenging  requiring  specialised  equipment,  hazardous  reagents  and  highly 
trained  users.  Initial  attempts  to  remove  the  oxygen  from  the  hydroxyl  layer  involved 
dehydrating samples under vacuum at 800-1000°C (Mopper and Garlick,  1971; Labeyrie,  1974, 
1979). Although analytical reproducibility and accuracy improved (Labeyrie,  1974; Mikkelsen 
et al.,  1978;  Wang  and Yeh,  1985),  the  5,8Odiatom   signal  under vacuum  dehydration  remained 
contaminated  due  to  partial  isotopic  exchanges  during  sample  dehydration  (Labeyrie,  1979;
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fully  account  for  the  -Si-OH  layer  (Table  2):  Controlled  Isotope  Exchange  (CIE)  before 
fluorination  using  a  fluorine based reagent  such as  C1F3  or BrF5   (Labeyrie  and Juillet,  1982; 
Juillet-Leclerc and Labeyrie,  1987), Stepwise Fluorination (SWF) (Haimson and Knauth  1983; 
Matheney and Knauth 1989) and inductive High-Temperature carbon Reduction (iHTR) (Liicke 
etal., 2005).
Table 2: Techniques for analysing 6 18Od,aiom
Study Method
Juillet, (1980a) Vacuum Dehydration
Juillet, (1980b) Vacuum Dehydration
Labeyrie and Juillet, (1980) Vacuum Dehydration
Labeyrie and Juillet, (1982) Controlled Isotope Exchange
Haimson and Knauth, (1983) Fluorination
Thorliefson and Knauth, (1984) Fluorination
Matheney and Knauth, (1989) Fluorination
Liicke et al. (2005) iHTR
Under controlled isotope exchange, water in the outer hydrous layer of the diatom is replaced 
with water containing a known 5I80  ratio at 200°C  for six hours  (Labeyrie and Juillet,  1982; 
Juillet-Leclerc and Labeyrie,  1987). After vacuum heating at  1000°C to remove as much of the 
water in the -Si-OH layer as possible, samples are reacted with a fluorine regent to release all 
remaining  oxygen  within  the  diatom  frustules.  Mass-balance  corrections  are  then  applied  to 
correct for any of the labelled water not removed under vacuum:
8,80 m casurcd=*5,80 water 4   (1  - X ) S^Onon-exch
(Eq. 5)
where S^Omcasured is the measured 5 180  of the sample after vacuum heating, 5 I80„o n-cxch is the 81 8 0  
of the -Si-O-Si layer within the diatom,  5 180 W atcr  is the  5 I80   of the labelled water and x is the 
level of oxygen exchangability in the diatom.
SWF techniques involve the use of a fluorine reagent to extract the oxygen from different layers 
of the diatom in separate stages, thereby avoiding contamination between the oxygen in the -Si- 
OH and -Si-O-Si layers (Haimson and Knauth,  1983; Thorliefson and Knauth,  1984; Matheney 
and Knauth,  1989). Using adaptations of the fluorination procedures established by Taylor and 
Epstein (1962) and Epstein and Taylor (1971), the -Si-OH layer is stripped away leaving behind 
the  inner  -Si-O-Si  layer  which  contains  the  fossil  5I80  signal.  Continuous  measurements 
throughout the process  indicate an increasing 8I80   signal during this  first stage reflecting the 
gradual removal of the -Si-OH layer from the diatom (Haimson and Knauth,  1983; Leng et al.,
24/2051998). A plateau in 51 8 0  is subsequently reached representing complete removal of the -Si-OH 
layer with only the isotopically homogeneous -Si-O-Si layer remaining in the frustule (ibid). A 
second fluorination stage is subsequently used to liberate oxygen from the -Si-O-Si layer, which 
is converted to C02  and analysed using standard mass spectrometry techniques.
While both CIE and SWF techniques have been readily used to measure 51 8 Odia,om , both methods 
suffer from  limitations.  Both necessitate the use of highly volatile chemicals  such as C1F3   or 
BrF5.  The  pre-fluorination  stage  in  the  SWF  methodology  will,  however,  act  to  remove  a 
proportion  of  the  non-diatom  contamination  in  samples,  ensuring  more  reliable  results 
(Matheney and Knauth,  1989). In addition, the SWF process should remove all oxygen within 
the -Si-OH layer regardless of diatom size or age, although the point at which the 5,80  plateau is 
reached  during  removal  of the  -Si-OH  layer  may  vary  and  require  calibration  for  different 
samples (Leng and Barker, 2006). With CIE, concerns exist as to the extent to which oxygen in 
the -Si-OH layer fully exchanges with the oxygen in the labelled water. With suggestions that 
this can vary significantly between different aged samples, the possibility exists that not all of 
the  contaminant  oxygen  in  the  hydroxyl  layer  is  fully  removed  prior  to  vacuum  heating, 
particularly in living/recently deposited diatoms and in diatoms which contain a large hydroxyl 
layer (Juillet, 1980a, b; Schmidt et al., 1997; Brandriss et al., 1998). Direct comparisons of both 
CIE  and  SWF  techniques  have  previously  indicated  similar  results  (Schmidt  et  al.,  1997). 
However,  since  greater  uncertainty  exists  overs  the  CIE  method,  due  to  the  possibility  of 
incomplete oxygen exchange and due to the measured 51 8 Odia to « n  being dependent on the isotopic 
composition  of the  labelled  water,  calibration  of the  CIE  technique  against  SWF  results  is 
generally advised (Schmidt et al.,  1997). Within this thesis all diatom samples are analysed for 
5l8Odiatom  using the SWF method.
A  major  problem  of  both  the  CIE  and  SWF  methods  is  the  magnitude  of  analytical 
reproducibility,  which,  can  be  as  poor  as  ±0.5%o.  This  implies  that  if  diatom-temperature 
coefficients are as low as -0.2%o/°C (see Section  1.4.1) (Brandriss et al.,  1998; Moschen et al., 
2005),  changes  of  up  to  2-3°C  may  be  undetectable  in  the  sediment  record.  Recent 
developments in  5 l8 O d ia to m ,  however, have demonstrated the potential of a iHTR method, which 
eliminates the need for a fluorine based reagent and which also improves reproducibility to less 
than 0.15% o (Liicke et al., 2005).  In iHTR, diatoms are mixed with graphite and heated under 
vacuum at 1,550°C. Following the volatilisation of sample contaminants and the outer hydroxyl 
layer at 850°C-1,050°C, oxygen from the -Si-O-Si bonds are converted to C02  for analysis. As 
yet,  this  method  has  yet  to  be  replicated  and  fully  testing  elsewhere.  However,  given  the 
potential  for  more  precise  5 18O d ia t0 m   measurements  and  the  non-requirement  for  the  use  of 
fluorine  compounds,  it is likely that iHTR will  increase the number of laboratories analysing 
5 18O d iatom  in the future.
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Four  major  influences  affect  the  marine  81 8 0   record  (Equation  6;  Table  3).  The  first  is  the 
temperature  at which  opal  is  precipitated  (8T )  with  warmer water  leading  to  lower 51 8 Odiatom . 
Second is the 8I80  of the water (51 8 Ow ater) in which the diatom frustule is formed. This in turn is 
controlled  by  both  global  influences,  such  as  the  amount  of freshwater  stored  in  ice  sheets 
(S^Ooiobiii  icc  volume  ( 5 180 g,v)),  and the  local  influence  at a given  site  of evaporation,  freshwater 
inputs,  salinity  and  changes  in  water  mass  or  ocean  circulation  (S^Oiocai).  In  addition,  vital 
effects  may  or may  not  exist,  Section  1.4.4,  which  could  alter  5l8Odiato m   within  and  between 
individual species. Consequently:
A5l8Odiatom  = A8t + AS1 8 Ow atcr = A8t + A 8 i80 Giv + A81 8 Oiocai ± vital effects
(Eq. 6)
The actual mechanisms which control changes in each of these variables, e.g., the mechanisms 
causing  glacial-interglacial  cycles  and  the  subsequent  growth  in  ice  sheets  and  associated 
increase in 8,8Ow atcr, are not discussed within this chapter.  Instead, these processes are detailed 
within individual chapters where relevant to the interpretation of any data. Instead, the sections 
below  summarise  the  extent  to  which  a  change  in  any  of the  variables  in  equation  6  alters
8  O djB toni-
Table 3: Environmental influences on 81 8 0  in marine systems (from Maslin and Swann, 2005)
Environmental Factor Increase Decrease
Temperature 81 8 0  decrease 81 8 0  increase
Global Ice Volume 81 8 0  increase 8I80  decrease
Salinity* 81 8 0 increase 8I80  decrease
Density* 81 8 0  increase 8I80  decrease
* sea ice formation can increase surface water salinity and density while lowering surface
water 5I80   since  5'80   increases in  the  formation  of ice  from water  (O'Neil  1968). This
affect though is minimal and does not influence palaeoenvironmental records.
1.4.1.  Temperature
Initial attempts to calculate a 8l8Od ia U )m-temperature coefficient suggested that a similar isotope 
equilibrium curve existed between diatoms (Labeyrie,  1974) and that previously established for 
calcite  (e.g.,  Epstein  et  al.,  1953).  Subsequent  calibrations  have  demonstrated  significantly 
different gradients between the two curves by approximately a factor of two (Juillet-Leclerc and 
Labeyrie,  1987;  Matheney  and  Knauth,  1989;  Shemesh  et al.,  1992;  Brandriss  et al.,  1998; 
Moschen et al., 2005). The results obtained by Labeyrie (1974) may therefore either indicate a 
failure to  adequately remove  the  -Si-OH  layer or a failure to  sufficiently clean the  analysed 
diatom  frustules  of  contaminants  prior  to  analysis.  The  first,  still  respected,  81 8 Odiatom -
26/205temperature  calibration  was  developed  by  Juillet-Leclerc  and  Labeyrie  (1987)  who  analysed 
SST,  5l8Ow ater and the 81 8 0  of marine diatoms  from  surface  sediment  assemblages  around the 
globe to produce a palaeotemperature calibration between 1.5°C and 24°C of:
1000 In a=3.26-jp-+0.45  [In Kelvin]
(Eq. 7)
or
T = 17.2 -  2.4(5l80diatom  -  5l8O w ater -  40) -  0.2(5‘8 Odiatom  -  51 8 Ow atcr -  40)2
(Eq. 8)
where  a  is  the  fractionation  coefficient  between  diatoms  and  ambient  water  and  T  is 
temperature. Although supported by data from marine diatoms in Matheney and Knauth (1989), 
Shemesh  et al.  (1992)  suggested the  calibration  of Juillet-Leclerc  and  Labeyrie  (1987)  to be 
inaccurate in high latitude waters where localised upwelling imparts a significant control on the 
diatom-water oxygen isotope equilibrium.  Support for this originates from the Southern Ocean 
where core-top 51 8 0diatom  data suggests a SST of 8.8°C, under the calibration of Juillet-Leclerc 
and Labeyrie (1987), whereas observed SST in the region peak at below 4°C (Shemesh et al., 
1992).  Based on core-top  samples from the  Southern Ocean,  Shemesh et al.  (1992) therefore 
proposed a high latitude SST calibration o f:
T = 11.03 -  2.03( 51 8 Od ia to m  -  5,8Ow a tC T  -  40)
(Eq. 9)
The  calibration  of  Shemesh  et  al.  (1992),  however,  remains  controversial  (Clayton  1992; 
Shemesh,  1992).  Despite this both the calibrations of Juillet-Leclerc and Labeyrie (1987)  and 
Shemesh et al.  (1992),  in addition to other work by Matheney and Knauth  (1989),  suggest  a 
relatively high 51 8Odia,0m-temperature coefficient of between -0.3%o/°C and -0.5%o/°C (Fig. 3). In 
contrast,  more  recent  investigations  suggest  a  lower  coefficient  of -0.2%o/°C  in  freshwater 
diatoms (Brandriss et al., 1998; Moschen et al., 2005) (Fig. 3):
T = 171.12 -  4.68 ( 5,8Od iatom  -  5,8Ow atcr)
(Eq.  10: Brandriss et al. (1998))
T = 190.07 -  5.05 ( 5,8Odiatom  -  5,8Ow atcr)
(Eq.  11: Moschen et al. (2005))
Due  to  this,  considerable  uncertainty  currently  exists  with  regards  to  the  true  51 8 Odiatom - 
temperature  coefficient  (Fig.  3).  The  marked  difference  between  the  higher,  -0.3%o/°C  to 
-0.5%o/°C,  coefficients from marine systems (Matheney and Knauth  1989; Juillet-Leclerc and
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systems  (Brandriss  et  al.,  1998;  Moschen  et  al.,  2005)  may  reflect  improvements  in  the 
analytical  procedures  for measuring  S^Odatom-  With all  marine calibrations conducted  over  15 
years ago, compared to lacustrine calibrations calculated in the last  10 years, the coefficient of 
-0.2%o/°C  may  be  more  accurate.  Alternatively,  the  different  coefficients  may  indicate  a 
systematic vital effect between lacustrine and marine diatoms. At present, due to the absence of 
further calibration work on marine diatoms, it remains unknown whether the lower, freshwater 
based, or higher, marine based, coefficient should be used in palaeoceanographic work.
Matheney & Knauth (1  989)
Marine diatoms Juillet-Leclerc & Labeyrie (l 987)
40
Freshwater diatoms
o Moschen et al.(2005)
Brandriss et al. (198!
water temperature (°C)
Figure 3 :  Range of  5 180 d a t« n-temperature calibrations (adapted from Moschen et al., 2 0 0 5 ) .
Many early palaeoceanographic investigations using records of 8]*Odmxn prior to the mid-1980's 
are now known to have been compromised by the failure to sufficiently account for the -Si-OH 
layer in diatoms (e.g.. Labeyrie  1974; Mikkelsen et al.,  1978; Wang and Yeh,  1985). Since then, 
only  a  limited  number  of  studies  have  attempted  to  use  5l80datom  in  palaeoceanographic 
reconstructions  (Table  4).  This  compares  with  the  relative  widespread  use  of  5l80dak>m   in 
palaeolimnological  reconstructions  over  the  past  decade  (Table  5).  In  the  first  marine  study 
unaffected by issues of -Si-OH contamination, Sancetta et al. (1985) related changes in 51 8 Odatom  
within  the  Bering  Sea to shifts  in  the diatom  flora in  order to  infer changes in  SST and  Sea 
Surface Salinity (SSS). Similarly, Juillet-Leclerc and Schrader (1987) reconstructed changes in 
SST and surface water upwelling in the Gulf of California finding SST variations of 5°C over 
the  last 3,000 years.  While in  Sancetta et al.  (1985) the  effect of 5I80 G iv on  5I8Odatom  was not
28/205considered, in Juillet-Leclerc and Schrader ( 1 9 8 7 )   the contribution of 5 i 80 G i v  was assumed to be 
negligible due to the minimal changes in global ice volume over this interval (Section 1.4.2).
Table  4:  Summary  of  modem  and  fossil  marine  8 l8O djatom  studies.  Shaded  rows  indicate 
publications arising from research carried out during the PhD and presented within this thesis.
Study Study Type Location Method
Labeyrie, (1974) Calibration Global VD
Mikkelsen etal. (1978) Reconstruction Equatorial  Pacific 
Ocean
VD
Labeyrie, (1979) PhD Thesis Southern Ocean VD
Sancetta etal. (1985) Reconstruction Bering Sea CIE
Wang and Yeh, (1985) Reconstruction Gulf of California VD
Labeyrie et al. (1986) Reconstruction Southern Ocean CIE
Juillet-Leclerc  and Labeyrie,  Calibration Global CIE
(1987)
Juillet-Leclerc  and Schrader,  Reconstruction Gulf of California CIE
(1987)
Shemesh et al. (1992) Reconstruction Southern Ocean CIE
Shemesh et al. (1994) Reconstruction Southern Ocean CIE
Shemesh et al. (1995) Reconstruction Southern Ocean CIE
Schmidt et al. (1997) Surface  water 
culture
and  Global CIE
Hodell etal. (2001) Reconstruction Southern Ocean CIE
Schmidt et al. (2001) Surface  water, 
tops and culture
core  Global CIE
Shemesh et al. (2002) Reconstruction Southern Ocean CIE
Haug et al. (2005) Reconstruction North Pacific Ocean SWF
Swann et al. (2006) Reconstruction North Pacific Ocean SWF
Swann et al. (2007) Vital effects North Pacific Ocean SWF
Table 5 :   Summary of modem and fossil lacustrine 5 18O d jaU)m  studies.
Study Study Type Location Method
Binz (1987) Culture - CIE
Brandriss et al. (1998) Culture - VD, CIE & SWF
Rietti-Shati et al. (1998) Reconstruction Mount Kenya, Kenya CIE
Shemesh and Peteet (1998) Reconstruction Connecticut, USA CIE
Raubitschek et al. (1999) Theoretical Lake Holzmaar, Germany -
Rosqvist et al. (1999) Reconstruction South Georgia, Antarctica CIE
Barker et al. (2001) Reconstruction Mount Kenya, Kenya SWF
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Leng et al. (2001) Reconstruction Lake Pinarbasi, Turkey SWF
Rioual et al. (2001) Reconstruction Massif Central, France CIE
Shemesh et al. (2001a) Reconstruction Northern Sweden CIE
Shemesh et al. (2001b) Reconstruction Massif Central, France CIE
Hu and Shemesh, (2003) Reconstruction South West, Alaska CIE
(Hu etal., 2003)
Chondrogianni et al. (2004) Reconstruction Lake Albano, Central Italy CIE
Jones et al. (2004) Reconstruction Lake Chuna, Russia SWF
Rosqvist et al. (2004) Reconstruction Northern Sweden CIE
Street-Perrott et al. (2004) Reconstruction Mount Kenya, Kenya SWF
Kalmychkov et al. (2005) Reconstruction Lake Baikal, Russia SWF
Lamb et al. (2005) Reconstruction Lake Tilo, Ethiopia SWF
Leng et al. (2005b) Reconstruction Laguna Zacapu, Mexico SWF
Morley et al. (2005) Reconstruction Lake Baikal, Russia SWF
Moschen et al. (2005) Calibration Lake Holzmaar, Germany iHTR
Moschen et al. (2006) Calibration Lake Holzmaar, Germany iHTR
Polissar et al. (2006) Reconstruction Venezuelan Andes CIE
Barker et al. (2007) Reconstruction Lake Malawi SWF
1.4.2.  Global ice volume
Prior to the growth of large ice sheets, which occurred in Antarctica from  3 4   Ma (Kennett and 
Shackleton,  1 9 7 6 ;  Miller  et  al.,  1 9 9 1 ;  Zachos  et  al.,  1 9 9 6 ,  2 0 0 1 ;   Lear  et  al.,  2 0 0 0 )   and 
potentially  in  Greenland  from  3 8   Ma  (Eldrett  et  al.,  2 0 0 7 ) ,  records  of  5 180   in  biological 
organisms are broadly a function of changes in  5 T  and  5 18O ioca!-  Following the transition to and 
intensification of glacial-interglacial cycles, the relative impact of global ice volume on  5 180 Water 
and consequently  51 8 Odiato m   increases  significantly.  While  the  exact contribution  of 5180 G iv  on 
51 8 Odiato m  will vary according to the magnitude of global ice volume change over each glacial- 
interglacial  cycle,  average  Quaternary  variations  in  51 8 Ow ater  in  response  to  changes  in  ice 
volume are on the order of c.  l- 2 % o  (Lisiecki and Raymo, 2 0 0 5 ) .  Consequently, except for time- 
slice studies or for periods in which changes in 5,80 G iv are minimal, post-Eocene measurements 
of 5l8O diatom  need to be corrected for 6,80 G tv in order to reconstruct 8T, 5l8O iocai or other photic 
zone changes.
Given the absence of benthic diatoms which live and silicify in ocean bottom waters, 5180 G iV  is 
best derived  from benthic  5 18O foran„  which  is  predominantly  controlled by  changes  in  5 i80 G iV  
(Shackleton,  1967).  Although  uncertainties  exist  over  the  impact  of deep  ocean  temperature 
changes  on  benthic  5 18O forani  over  glacial-interglacial  cycles  (Schrag  et  al.,  1996,  2002; 
Waelbroeck  et al.,  2002;  Duplessy  et al.,  2002),  stacked  records  of benthic  8 18O f0rani  largely
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al., 2002; Lisiecki and Raymo, 2005). Alternatively, variations in 5,80 G iv can also be estimated 
from the 51 8 0  of sediment pore water (e.g., Schrag et al.,  1996; 2002; Bums and Maslin  1999; 
Adkins and Schrag 2001). The number of studies using this to reconstruct 5180 G iv, however, is 
limited with studies commonly needing to model issues of water advection and mixing within 
the sediment (Schrag et al., 1996).
An alternative  approach  for correcting  for  8180 G iv  is  demonstrated  in  Shemesh  et al.  (1992). 
Using  the  5l8Odiatom-temperature  calibration  detailed  in  equation  9,  which  is  significantly 
different  to  the  palaeotemperature  fractionation  curve  for  foraminifera,  measurements  of 
5l8O diatom  were combined with a planktonic 8l8Of0ram  record in the Southern Ocean. By assuming 
that the incorporation of oxygen into both diatoms and foraminifera occurred in the same season 
and at the same water depth, changes in surface 81 8 Ow ater and SST were solved for without the 
need for measurements of benthic 51 8 Oforam  or 8l80porew ater to correct for 8I80 G iV  :
AT = T, -  T2  = 3.85[(S1 8 Odiatom 2 -  S,8Odiatotnl) -  (81 8 Ofo ram 2  -  S1 8 Oforam I)]
(Eq.  12)
and
A81 8 Ow ater = 8l8Ow aterl -  8  O  w ater2  0.89[(81 8 O diatom 2 —  61 8 Odiatom l) —  1-9(8l8Oforam 2  —  51 8 Oforaml)]
(Eq.  13)
where subscripts  1   and 2 refer to the lower and upper data points of the interval respectively. 
Using this approach, which is entirely dependent upon the accuracy of the 81 8 Odiatom-temperature 
calibration  in  equation  9,  Shemesh  et al.  (1992)  observed  a  2.0°C  increase  in  SST over  the 
glacial-Holocene transition with a concordant 1.2%o decrease in 8I8Ow ater-
1.4.3.  Salinity
Changes  in  salinity  are  caused  by  both  whole  ocean  salinity  changes,  related  to  changes  in 
global ice volume, and local influences such as evaporation and freshwater input. Consequently, 
provided a records of SST exists (or changes in SST are minimal) and provided that changes in 
ocean circulation can be ruled out as  influencing 81 8 Ow atcr, the remaining variation in 81 8 Odiat0m  
can be related to localised changes in SSS after correction for A 8 i80 GiV.  To enable quantitative 
calculations  of SSS, however,  an isotope end-member is required to establish the relationship 
between  SSS  and  81 8 Odiato m -  End-members  may  alter  following  changes  in  evaporation, 
meltwater input, precipitation and river runoff such that:
s180   -S 180 ,  h   t  ,o
A  X  n       ocean  freshwater  p   I  a   O
'“'local  o   o   ^local  '  ®  '“'freshwater
^  ocean  ^freshwater
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where 5l8O ocean is the 51 8 0  of the ocean,  51  ^freshwater is the 5,80  of the freshwater entering the 
system either as precipitation, meltwater or river runoff, Socean is mean ocean salinity; Sfrcshw atcr is 
the  salinity  of the  freshwater  and  S^ai  is  the  mean  local  salinity.  Defining  the  exact  SSS- 
5l8O diatom  relationship at a given site, however,  is often complicated by the large range of 5I80  
estimates  for  individual  ice  sheets,  which  are  commonly  the  dominant  source  of freshwater 
input.  For example,  81 8 0   estimates  for the  Laurentide  ice  sheet  range  from  -28%o  to  -35%o 
(Duplessy et al., 2002). Using  a value of-35%o would results in a relationship of:
A S loC4, =   1 . 1 2 A 6 180 , o c a i
(Eq.  15).
Mix and Ruddiman (1984) and Maslin et al. (1995a), however, have argued that a coastal value 
of-20%o is more appropriate for the Laurentide ice sheets to reflect the higher 51 8 0  of icebergs 
and melting ice-edge ice sheets such that:
A S io c a l  =   1 . 7 6 A 5 l8 O io c a l
(Eq.  16)
Similar debates also exists for other ice-sheets with values for the Eurasian ice sheet at the Last 
Glacial  Maximum  ranging  from  -16%o  to  -40%o  (Duplessy  et  al.,  2002)  and  estimates  of 
Antarctic glacial meltwater ranging from -40%o to -60%o (Grootes et al.,  1993). In addition, in 
regions affected by inputs from  non-glacier fed rivers, consideration is also required as to the 
51 8 0   of  this  freshwater,  which  is  likely  to  be  considerably  higher  than  that  for  glaciers. 
Consequently, in order to reconstruct SSS at a given site, it is necessary to make assumptions as 
to the viable range of ice sheet 51 8 0  values and freshwater end-members which may be present, 
unless a time-slice approach is being undertaken. In instances where no information exists as to 
the true or likely end-member values, changes in SSS may be best calculated assuming a range 
of end-members such that:
A S io c a l  =   A S  *80  local  O r   A S io c a l  =   2 A 8 l8 O io c a l
(Eq.  17)
With regards to SSS based reconstructions from  5 18O d ia to m ,  records from a series of cores across 
the Southern Ocean have revealed periodic decreases of up to c.  5% o in  5 l8 O d iatom   over the last 
430,000 years (Hodell et al.,  2001;  Shemesh et al.,  1994;  1995;  2002).  While no quantitative 
palaeosalinity  reconstructions  were  done,  relating  such  changes  to  increasing  temperatures 
contradicts  other  palaeotemperature  records  from  the  region  based  on  diatom  based  transfer 
functions (ibid). While a proportion of the reconstructed SSS variability is related to change in 
global ice volume, which was also unaccounted for, decreases in  5 18O d iatom   were predominantly 
related to large meltwater influxes from Antarctica (Hodell et al., 2001;  Shemesh et al.,  1994;
32/2051995; 2002). At present, due to the low resolution nature of the 51 8 O diatom  record at these sites, the 
timing,  causation  and  consequently  implication  of  these  large  meltwater  releases  from 
Antarctica remains unknown.
1.4.4.  Vital effects
From a biological  and isotope perspective,  the term vital effect refers to a life process which 
leads to  isotope  offsets between or within different species extracted from a core  section  not 
affected by turbidites or bioturbation.  Within the  literature, vital  effects have been previously 
linked to changes  in rates  of calcification/silicification, pH, nutrient availability, variations  in 
the  micro-environment,  vertical  migration  of an  organism  in  the  water  column  and  to  the 
incorporation of metabolic fluids. In freshwater ostracods, 8I80  vital effects have been shown to 
result in isotope deviations from equilibrium of 0.3-2.5%o (Xia, et al 1997; von Grafenstein et 
al.,  1999; Chivas et al., 2002; Holmes and Chivas, 2002). Within marine organisms, vital effects 
have been most widely studied in foraminifera with variations of up to 6%o being documented 
(Duplessy et al.,  1970; Wefer and Berger,  1991; Spero and Lea,  1993;  1996; Spero et al.,  1997; 
Bemis  et al.,  1998).  While  all  the  above  processes  have  been  widely  referred  to  within  the 
literature as “vital  effects”,  for this thesis the term is better separated into two groups:  “vital 
effect (sensu stricto)” and “vital effect (in equilibrium)” (Fig.  4). In this thesis, a “vital effect 
(sensu  stricto)”  is  referred  to  simply  as  a  “vital  effect”.  A “vital  effect  (in  equilibrium)”  is 
referred to as either a “seasonality effect” or a “habitat effect”.
Vital effect (all)
Vital effect 
(sensu stricto)
Vital effect 
(in equilibrium)
e.g., kinetic effect related to intra and inter 
species rates of silicification (e.g., growth rates)
e.g., metabolic differences within 
and between individual species
Seasonality
effect
Habitat
effect
Figure 4: Break-down of vital effects which may affect 8I80 ( diatom-
1.4.4.1.  Diatom isotope vital effects
As  with  other  biological  organisms,  diatoms  are  assumed  to  be  precipitated  in  isotope 
equilibrium  as  predicted  by  fractionation  thermodynamics.  A  vital  effect  (sensu  stricto),  as 
defined here and henceforth referred to within this thesis as a “vital effect”, refers to instance 
when  biological  organisms  display  kinetic  or  metabolic  isotope  fractionation  offsets  from 
equilibrium,  such  as  may  be  induced  following  changes  in  diatom  growth  rates,  nutrient 
availability  or  silicification.  Within  larger organisms  such  as  foraminifera and  ostracods,  the 
issue of vital effects (in addition to the habitat effects outlined below) are eliminated by picking
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cannot be feasibly picked out to create mono-specific samples due to their significantly smaller 
size (usually c.  5-75  pm). While  in  some  instances  it has  proven possible to isolate  different 
sized taxa using gravitational  split-flow thin fractionation (SPLITT), which separates different 
particles and consequently different diatom frustules or taxa of different densities (see Rings et 
al.,  2004),  in  the  majority  of cases  5 18O d iatom   data  are  derived  from  samples  comprised  of 
multiple  species.  To  date,  a  limited  number  of culture  (Binz,  1987;  Brandriss  et  al.,  1998; 
Schmidt et al., 2001), sediment trap (Moschen et al., 2005) and down-core studies (Sancetta et 
al.,  1985;  Juillet-Leclerc and  Labeyrie,  1987;  Shemesh  et al.,  1995)  in marine and lacustrine 
systems have found no conclusive evidence to indicate that vital effects exist in  5 18O d ja to m .  While 
data  in  Brandriss  et al.  (1998)  indicates  a  0.6%o  difference  between  two  laboratory  cultured 
diatom taxa and Shemesh etal. (1995) found a 0.2%o offset between two different size fractions 
of diatoms, offsets of this magnitude are within the range of reproducibility routinely achieved 
using fluorination based techniques for analysing  As such,  5 18O d iato m   vital effects have
hitherto  been  regarded  to  be  either  non-existent  or  within  the  analytical  reproducibility  of 
S 18O d ia,o m   measurements.  However,  given  that  samples  analysed  for  5 l8 O d jat0m   usually  contain 
multiple taxa and given the importance of consequently ensuring that isotope vital effects  are 
not present in  further research is needed into this issue. The issue of vital effects in
b^Odiatom is therefore addressed within Chapters 2 and 3 of this thesis.
1.4.4.2.  Habitat/seasonality effect
A habitat or seasonality effect is defined to be an offset either within or between individual taxa 
which occurs despite isotope fractionation occurring in equilibrium with the surrounding water. 
A habitat effect,  as defined here, refers to the different depth habitats  in the water column  at 
which a taxa may bloom and consequently the different conditions and  5 18O w a ter  encountered at 
these  depths,  the  signals  of  which  will  be  incorporated  into  an  organism  during 
calcification/silicification. Within foraminifera, a habitat effect most commonly arises from the 
different depths which separate taxa live at or from the significant vertical migration which an 
organism may undertake through the water column at different stages in their life cycle (Sautter 
and Thunell,  1991).  In marine systems, any habitat effect in diatoms is likely be significantly 
smaller than that occurring in  foraminifera due to most diatoms blooming  in the photic zone 
close to the surface. As such, the possibility of a habitat based effect has generally been ignored 
in  previous  studies  of  5 18O d jat0 m ,  particularly  in  marine  systems  where  photic  zone  depth 
variations in temperature and  5 18O watCr  are generally thought to be small. This may be unwise, 
however,  given  that photic  zone  depths  can  extend  down to  c.  100  m  at many  sites;  depths 
which can display significantly different 5 180 Water  and environmental conditions relative to those 
present at the surface (Antonov et al., 2005; Locamini et al., 2005).
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spring  and  autumn,  at  a  single  location.  With  each  season  possibly  marked  by  different 
environmental conditions and 8 l8 O w a ter values (e.g., due to changes in temperature and meltwater 
input), large inter-species offsets in  6 l8O djatom  may exist between different taxa collected over a 
year. The issue of inter-species seasonality effects may be particularly prominent in diatoms due 
to analysed samples usually containing a mixture of taxa, that bloom across different seasons 
(Raubitschek  et al.,  1 9 9 9 ;  Leng  et  al.,  2 0 0 1 ) .   However,  even  if a  single  species  sample  is 
successfully extracted and analysed for 5 l8O djatom,  an intra-species seasonality effect may still be 
present  if that  taxa  blooms  across  different  seasons.  As  such,  there  is  a  high  potential  for 
8l8Odiato m   records  to  be  distorted  by  bloom-signal  dilution/seasonality  effects,  unless  bloom 
specific samples can be obtained. Ideally, in order to ensure that records of 5 l8O diatom are entirely 
unaffected  by  both  vital  effects  and  seasonality/habitat  effects,  5 18O diatom  samples  need  to  be 
comprised  of  a  single  taxa  which  primarily  blooms  within  a  single  season  over  which 
environmental conditions are relatively stable.
1.4.5.  Diatom dissolution and diagenesis
Most marine and  lacustrine locations are under-saturated with respect to  silica.  Consequently, 
rates of diatom dissolution are high. While the number of measurements are low, it is estimated 
that only  1 - 1 0 %   (mean =  3 % )   of all living diatoms in the marine system are preserved within 
the sediment (Treguer et al.,  1 9 9 5 ) .  The extent to which dissolution occurs depends on a range 
of parameters  including,  but  not  restricted  to,  temperature  (Hurd,  1 9 7 2 ) ,  sedimentation  rate 
(Ragueneau  et  al.,  2 0 0 0 ) ,   alkalinity  (Barker,  1 9 9 2 ;  Ryves  et  al.,  2 0 0 6 ) ,   trace  metals  (van 
Bennekom et al.,  1 9 8 9 ,  1 9 9 1 ;  Dixit et al.,  2 0 0 1 ;   Dixit and van Cappellen,  2 0 0 2 ;   Koning et al., 
2 0 0 7 )   organic coating, bacterial and other biological communities (Lewin,  1 9 6 1 ;  Jacobson and 
Anderson,  1 9 8 6   Sullivan et al.,  1 9 7 5 ;  Miller et al.,  1 9 9 0 ;  Cowie and Hedges  1 9 9 6 ;  Bidle and 
Azam,  1 9 9 9 ;  Bidle et al.„  2 0 0 2 ,   2 0 0 3 )   and the size, morphology, aggregation and silicification 
of individual frustules (Lewin,  1 9 6 1 ;  Lawson etal.,  1 9 7 8 ; Nelson et al.,  1 9 9 5 ;  Ragueneau etal., 
2 0 0 0 ) .  At  any  site,  diatom  dissolution  will  continue  at  the  surface-sediment  interface  and 
during incorporation/burial into the sedimentary record. The rates at which dissolution occurs in 
the sediment is generally dependent on temperature and silica concentrations in the pore water 
of the silica asymptotic concentration zone, which generally lies within the upper 3 0   cm of the 
sediment.  Below this dissolution is reduced, although diagenesis may continue through either 
the re-precipitation or diagenetic alterations of the diatom silica (Kastner et al.,  1 9 7 7 ;  Hurd et 
al.,  1 9 8 1 ) .  It would be expected that chemical  and biological dissolution of diatom  frustules, 
particularly  in  alkaline  waters,  would  alter  the  isotope  composition  of  8 18O djatom.  To  date, 
however, no detailed investigation has been undertaken to investigate the impact of dissolution 
on  8 18O diat0m.  While Mochen et al.  ( 2 0 0 6 )   observed no isotope alteration in cultured and fossil 
diatoms placed in waters of pH 9  for 6 2   days, unless the diatom organic matter coating was first
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dissolution and diagenesis until these results are verified in other studies.
1.4.6. Secondary isotope exchange/silica maturation
A key assumption of analysing 81 8 0  in diatoms is that no isotope exchange occurs between the 
inner,  -Si-O-Si,  layer and the  rest  of the  frustule  or  surrounding  water after the  diatom  dies 
(Julliet,  1980a,b). Culture experiments of modem marine and lacustrine diatoms, however, have 
demonstrated 8I8O d,atom  fractionation factors of between 2%o and  10%o below those observed for 
fossil diatoms (Section 1.4.1) (Schmidt etal., 1997, 2001; Brandriss et al., 1998; Moschen etal., 
2006).  Initially  these  deviations  were  attributed  to  partial  dissolution  of the  diatom  frustule 
during sedimentation (Brandriss et al.,  1998). Other work, however, has made clear that these 
isotopic  changes  are  related  to  silica  maturation  in  the  diatom  frustule  during 
sedimentation/burial  with  isotopically  light  1 6 0   from  the  -Si-OH  layer  released  and  the 
remaining,  heaver,  ,80 forming  isotopically  enriched -Si-O-Si  linkages (Schmidt et al.,  1997; 
2001; Moschen et al., 2006):
Si-1 8 OH + H1 6 0-Si -> Si-l80-Si + H21 6 0
(Eq.  18, from Schmidt et al. (2001)) 
At present, the implication of these isotope exchanges and the extent to which silica maturation 
affects  the  use  of 51 8 Odiato m   in  palaeoenvironmental  reconstructions  is  unknown.  On  the  one 
hand, deviations from equilibrium of 2%o to  10%o arising from silica maturation could blur any 
environmental  signal.  However,  numerous  studies  have  demonstrated  a  strong  correlation 
between sediment records of 6,8O diatom  and 81 8 0/proxy records from other sources, which would 
not be expected were 81 8 0diatom  predominantly controlled by silica maturation (Leng and Barker, 
2006). As such, further laboratory and in-field studies are required to replicate the experiments 
of Schmidt  et al.  (1997;  2001)  and  Moschen  et al.  (2006)  and the  occurrence  of secondary 
isotope exchanges outside the photic zone. However, even if isotope exchanges do occur during 
silica maturation, as long as such exchanges are systematic and predictable, values of 8 18O d ia tom  
should remain usable  in palaeoenvironmental  reconstructions.  For example,  since  the  -Si-OH 
layer prior to  dehydroxylation  will  reflect  either  8 18O botto m w atcr  or  8 18O p o rew a tc r,  measurements  of 
8 18O d iatom   would  reflect,  in  the  worst  case  scenario,  a  possible  combination  of 
surface/bottom/pore water 81 8 0  (Schmidt et al.,  1997; 2001).  The issue of silica maturation  is 
addressed in more detail  within the following individual  chapters of this thesis  alongside the 
6  Odiato m  data.
l.S.  Summary of uncertainties associated with diatom oxygen isotopes
To  date,  the  vast  majority  of  isotope  records  derived  from  biological  organisms  for
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However, with diatoms often dominating the sediment record in high latitude and carbonate free 
regions,  measurements  of 51 8 O diatom   opens  the  possibility  for more  detailed  insights  as  to  the 
response and role of these localities during past climatic and oceanographic events. Despite this, 
as highlighted above a number of uncertainties remain over the use of 51 8 Odiato m - These include:
1)  the  uncertainty  over  the  true  8l8Odjatom -temperature  calibration.  While  recent  work 
provides  compelling  evidence  for a  coefficient  of  - 0 .2 % o /° C   (Brandriss  et al.,  1 9 9 8 ; 
Moschen et al., 2 0 0 5 ) ,  coefficients derived from marine diatoms are higher at - 0 .3 % o /° C  
to - 0 .5 % o /° C  (Juillet-Leclerc and Labeyrie,  1 9 8 7 ;  Shemesh etal.,  1 9 9 2 ) ;
2 )  the impact of secondary isotope exchange on 5 18O diatom;
3 )  the extent to which isotope vital effects may be present in 5 l8O diatom;
4)  the extent to which habitat and seasonality effects may affect 81 8 Odiato m  reconstructions.
1.6.  Aims and objectives
As detailed above, the development and initial application of 5 18O diato m as a palaeoenvironmental 
proxy originally occurred in marine systems. In recent years, however, 51 8 Odiat0m  has been almost 
solely applied to lacustrine sediment samples (Table  5 ) .  As such, excluding papers published as 
part of this PhD research, only eight papers have presented fossil  8 l8O djatom records from marine 
cores which are not affected by the issue of contaminant oxygen in the -Si-OH layer (Table  4 ) . 
Of these all but two (Juillet-Leclerc and Schrader,  1 9 8 7 ; Sancetta et al.,  1 9 8 5 )  originate from the 
Southern Ocean (Labeyrie et al.,  1 9 8 6 ;  Hodell et al.,  2 0 0 1 ;   Shemesh et al.,  1 9 9 2 ,  1 9 9 4 ,  1 9 9 5 , 
2 0 0 2 ) .  Consequently, while the difficulties and potential associated with 5 l8O diatom are now better 
understood in  freshwater systems,  uncertainty  remains  as  to the  true potential  of  5 18O diatom  in 
palaeoceanographic  reconstructions.  Furthermore,  marine  records  of 5 18O diatom  have  yet  to  be 
fully tested in relation to other geochemical, stable isotope and other proxy records. As such, it 
remains unknown whether  5 18O diat0m  can be considered as  a direct replacement for planktonic 
8 l8O f oram  in  carbonate  free  regions,  or  whether  the  problems  and  uncertainties  with  8 18O djat0m, 
highlighted  in  Section  1 .5 ,  significantly  hinder  its  suitability  for  use  in  palaeoceanographic 
reconstructions.
Part 1  of this thesis aims to address these uncertainties from a palaeoceanographic perspective at 
ODP Site 882 in  the North West Pacific Ocean where other, more established, proxy data (in 
addition to detailed modem day oceanographic  information) can be drawn upon to assess the 
potential of 81 8 Odiatom . Key objectives in Part 1  include:
1)  determining  whether  inter-  and  intra-species  vital  effects  exist  in  5 18O diatom  and,  if 
present, the extent to which such effects limit the use of 8 18O diatom in palaeoceanographic
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2)  evaluating  the  extent  to  which  records  of 51 8 Odia k > m   may  be  affected  by  seasonality 
effects (Chapters 2 and 3);
3)  assessing the potential for 5 18O d,atom  to be used as a stand-alone proxy in reconstructing 
palaeoceanographic changes outside the Southern Ocean at ODP Site 882 in the North 
West Pacific Ocean (Chapters 4 and 5);
4)  assessing the extent to which records of 5l8O diatom  complement/differ from conventional 
palaeoceanographic proxies, such as foraminifera stable isotopes (Chapters 4 and 5).
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2.1.  Introduction
Diatom  silica  represents  an  important  and  increasingly  viable  option  for  obtaining  isotope 
records from the numerous lacustrine and marine sites devoid of carbonates. Many studies have 
demonstrated the potential for 5 l8O dja,0m in palaeoenvironmental reconstructions, both as a stand­
alone technique and alongside carbonate isotope records (e.g., Shemesh et al., 1992; Leng et al., 
2001; Lamb et al., 2005; Morley et al., 2005).  Despite recent advances, there remain a number 
of uncertainties  over the  use  of 5l8O diatom   in  palaeoenvironmental  reconstructions.  One  is  the 
potential  for  isotope  exchange  during  burial  and  early  diagenesis,  which  may  act  to  remove 
much of the surface water palaeoenvironmental isotope signal (Shemesh et al., 1992; Schmidt et 
al.,  1997,  2001;  Moschen  et  al.,  2006).  Second  is  the  uncertainty  over  the  true  diatom- 
temperature coefficient with current estimates  in marine and lacustrine diatoms ranging from 
-0.2%o/°C to -0.5%o/°C (Shemesh et al.,  1992; Juillet-Leclerc and Labeyrie,  1987; Brandriss et 
al., 1998; Moschen ef al., 2005)
Potentially the greatest uncertainty, however, revolves around the possibility for inter- and intra­
species  vital  effects  to  exist  in  51 8 Odiatom .  Diatoms  are  assumed  to  precipitate  in  isotope 
equilibrium. However, many biological organisms including ostracods and foraminifera display 
significant isotope deviations from isotope equilibrium due to, for example, changes in rates of 
calcification,  speciation  and  micro-environment  (von  Grafenstein  et  al.,  1999;  Spero  et  al., 
1997; Holmes and Chivas, 2002). As stated in Chapter 1, a range of culture experiments (Binz, 
1987;  Schmidt et al.,  2001)  and down-core  studies  (Sancetta et al.,  1985;  Juillet-Leclerc  and 
Labeyrie,  1987; Shemesh et al.,  1995) have found no evidence of a vital effects in 51 8 Odiatom . In 
particular, Moschen et al. (2005) found no isotope offset between three size fractions of diatoms 
collected from Lake Holzmaar, Germany. Although a 0.6%o offset was observed between two 
laboratory cultured species (Brandriss et al., 1998) and while a 0.2%o offset was present between 
two  size  fraction  of diatoms  in  a  stratigraphical  core  sequence  (Shemesh  et al.,  1995),  such 
offsets are within the range of analytical reproducibility commonly achieved with fluorination 
based techniques. As such, 5 18O dia,0m vital effects have until now been assumed to be either non­
existent  or  within  the  analytical  reproducibility  of  8 l8O diatom  measurements.  However,  this 
assumption  is  currently  based  on  a  limited  data-set,  highlighting  the  need  for  further 
investigation. This is important since, in contrast to biogenic carbonates such as ostracods and 
foraminifera, single species diatom valves cannot be easily picked out to create mono-specific 
species samples due to their smaller size (diatom frustules commonly range in diameter from 5- 
75  jim,  while  foraminifera picked  for  isotope  analysis  commonly  range  from  200-400  pm). 
While the exact number of taxa within a sample analysed for 5 18O diatom  will vary, it is possible 
that samples may contain upwards of 10-20 different taxa.
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for isotope analysis, the issue of 81 8 Odiato m  vital effects is re-examined using down-core material 
from ODP Site  882  in  the North West Pacific  Ocean.  Comparisons  of samples  at 25  levels 
between 2.83 Ma and 2.73 Ma show significant isotope offsets (mean = 1.23%o, max = 3.51%o) 
between two size fractions (75-150 pm and >150 pm) dominated by only two taxa. Through the 
use of modem oceanographic and diatom flux data from the region, it is suggested that these 
offsets may possibly be attributed to the presence of an inter- and/or intra-species vital effects in 
diatoms.
2.2.  Methodology
2.2.1.  ODP Site 882
Ocean Drilling Project (ODP) Site 882, situated on the western section of the Detroit Seamounts 
in the subarctic North West Pacific Ocean (50°22'N, 167°36'E) at a water depth of 3,244 m (Fig.
5)  provides the first detailed palaeoclimatic record of the region from the late Miocene onwards 
(Rea et al.,  1995). A major advantage in testing the use of marine records of 8,8Odiato m  at ODP 
Site 882 is, as detailed below, the large range of different sized diatom taxa, ranging from c.  10 
pm to  >200 pm. At ODP Site 882, it is therefore possible to take advantage of this large size 
variation  to  extract  different  size  fractions  of pure  diatom  samples,  which  contain  different 
relative proportions of individual taxa.
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Figure  5:  Location  of ODP  Site  882  (50°22'N,  167°36'E) North West Pacific  Ocean  together
with diatom monitoring station 50N (50.01°N,  165.01°E) and major ocean surface currents in 
the North Pacific Ocean.
The region around ODP Site 882 in the North West Pacific Ocean is today dominated by the 
cyclonic Alaskan sub-polar gyre which is  bordered to the south by the North Pacific Current 
(also called the Subarctic Current and West Wind Drift) and to the North by the Alaska Stream 
(Fig. 5). The North West Pacific Ocean also marks the terminus of the North Pacific Deep Water 
(NPDW), the final deep ocean section of the global thermohaline circulation, with the upwelling 
of nutrient rich NPDW to the  subsurface  forming North Pacific  Intermediate Water (NPIW).
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driven  by a deep,  150-200 m, year round halocline which  results in a relatively  low  surface 
water salinity (SSS) of c. 32.8 psu (Fig. 6). Due to this,  nutrient supply to the photic zone is 
predominantly restricted to diffusion through the stratification boundary (Tabata,  1975; Gargett, 
1991).  From  June  to  December,  the  stratification  is  further  enhanced  by  the  presence  of a 
shallower, c. 50 m, thermocline in which Sea Surface Temperatures (SST) of c. 9°C - 10°C (Fig.
6)  exist  until  December.  In  contrast,  waters  below  the  thermocline  are  closer  to  2°C.  The 
oceanographic  mechanisms  that  create  and  maintain  this  mesothermal  structure  and 
stratification system have been an area of intensive research leading to the suggestion of several 
different processes that focus on  the  role  of high  precipitation/low  evaporation  in  the  region 
together with differential horizontal advection within the water column and minimal  inflow of 
saltier water from the south (Warren,  1983; Gargett,  1991; Emile-Geay et al., 2003). A detailed 
review of these mechanism is discussed within Ueno  and Yasuda (2000).
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Figure  6:  Modem monthly salinity and temperature depth  profiles in the  upper 400 m  of the 
subarctic  North  West  Pacific  Ocean  (50.5°N,  167.5°E)  (data  from  Antonov  et  al.,  2005; 
Locamini et al., 2005).
Today, the biological community in the North West Pacific Ocean is marked by the year round 
presence of foraminifera in the water column, particularly during spring and to a smaller extent 
during  the  autumn/early  winter  months  (Kuroyanagi  et al.,  2002;  Mohiuddin  et  al.,  2005). 
During the spring months, however, the photic zone is primarily dominated by a laige siliceous 
bloom  containing  a  number  of diatoms  species  together  with  a  smaller  contributions  from 
silicoflagellates (Onodera and Takahashi, 2005). In the summer months, when concentrations of 
phytoplankton in the surface mixed layer are reduced, dinoflagellates increase in abundance in 
the water column (Mochizuki et al., 2002). At no point, though, does nutrient limitation prevent
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normally at concentrations below that experienced during the spring bloom (Takahashi,  1986; 
Takahashi  et al.,  1996;  Onodera and Takahashi,  2005;  Onodera  et al.,  2006).  In  some  years, 
however, the autumn diatom bloom may be of an equal magnitude to that experienced during 
the  spring  bloom  (Onodera and Takahashi,  2005;  Onodera et al.,  2006).  During  this  autumn 
bloom, large numbers of coccolithophores also develop within the photic zone, resulting in the 
accumulation of alkenones within the sedimentary record (Ohkouchi et al.,  1999; Pagani et al., 
2002).
2.2.2.  Sample extraction
Sediment samples corresponding to the onset of major Northern Hemisphere Glaciation (NHG), 
2.84-2.57 Ma (MIS  116 (G12) to MIS  102) were selected from ODP Site 882. High resolution 
GRAPE  density  and  magnetic  susceptibility  measurements  were  orbitally  tuned  with  linear 
interpolation of sedimentation rates between tie-points to calculate sample ages (Tiedemann and 
Haug,  1995). Samples for 61 8 0diato m  were prepared using a three-stage methodology based on the 
techniques of Juillet-Leclerc (1986), Shemesh et al. (1995) and Morley et al. (2004) (Fig. 7). In 
this, samples were sieved at 75 pm and  150 pm with both size fraction (75-150 pm and >150 
pm)  retained  for  isotope  analysis.  Visual  inspection  of the  diatom  flora  prior  to  this  stage 
showed these size fractions to be being optimal, both in minimising diatom species diversity and 
also in ensuring maximum removal of clays and other non-diatom material. While the range of 
the size fractions analysed for  6 18O diatom  would ideally have been reduced to create more sieve 
bins, e.g., 75-100 pm, 100-125 pm,  125-150 pm and 150-175 pm, this was not possible here due 
to the need to extract sufficient material for isotope analysis (5 mg). Smaller size fractions, e.g., 
10-38 pm and 38-75 pm, were also not suitable for 51 8 Odiato m  analysis here due to the increased 
number of different diatom taxa and due to the presence of multiple broken fragments of larger 
sized diatom frustules in these samples.
All  size  fractions  were  immersed  in  30%  H20 2   at  80°C  for up to  a week to remove  organic 
matter attached to the diatom frustule before being centrifuge washed and placed overnight in 
5%  HC1  to  remove  any  carbonates.  Following  further  centrifuge  washing,  samples  were  re­
sieved  at  their respective  size  fractions  to  remove  any  remaining  contamination  and  smaller 
diatoms before being placed in a drying cabinet.  Samples younger than 2.70 Ma required the 
additional use of a Vortex mixer to separate diatoms from the heavier Ice Rafted Debris (IRD), 
which  could  then  be  pipetted  off,  prior  to  the  final  sieving  stage.  In  other  studies,  diatom 
samples have been further purified using sodium polytungstate (SPT) at a specific gravity of 2.1 
g/ml to remove any non-diatom contamination (see Morley et al., 2004). Due to the large size of 
the diatom frustules extracted here, an heavy liquid SPT separation stage was not required in 
this  instance.  Instead the other cleaning  stages,  in particular the various  sieving stages, were
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of non-diatom contamination (<75 pm) relative to the large size of the diatom frustules analysed 
here for 8I8O diatom  (>75 pm).
Stage  1
Stage 2
Stage 3
Visual examination of 
diatoms \
i
\
Sieve  material (here at 75 pm 
and  150 pm)
1
Heat sam ple in 30% H2O2 
at 85°C until full removal of 
organic matter
i
Centrifuge wash  (x 3)
i
Leave overnight in 5% HCI 
(removal of carbonates)
i
Centrifuge wash  (x 3)
i
Vortex mixer to seperate 
IRD from diatoms (IRD can 
then be pippeted off) I
R epeat sieveing  stage: 
(removal of remaining 
contamination/smaller 
diatoms)
1
\
!■■■■■■■
'
w jw x m m
E g S
10 pm
Visual analysis of sam ple  j
Sam ple  Sample clean^
contaminated
Isotope analysis
N.B.  First  seiving  stage  should  be  skipped  if  fraction  sizes  are  c.10-35  pm  to  minimise  clogging  of 
seive/seive  cloth.  Sodium  polytungstate  or  SPLITT  methodologies  may  also  be  required  with  smaller 
diatoms (see Morley et at., 2004: Rings et at., 2004).
Figure 7: Three stage methodology used to extract pure diatom material for 5lsO analysis based 
upon the methodologies described in Juillet-Leclerc (1986), Shemesh et al. (1995) and Morley 
et al.  (2004).  Stage one utilises the physical  properties of different diatom species to extract a 
small range of diatom taxa. Stage two chemically removes organic matter attached to the diatom 
frustule and any carbonates in the sample.  Stage three verifies the purity of the diatom sample 
prior to isotope analysis.
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mounting media and visually checked for contamination under a light microscope at x  1000 
magnification following the semi-quantitative approach of Morley et al. (2004) but using thirty 
rather than ten randomly selected quadrants  on  a  100  pm x  100  pm grid graticule.  Random 
quadrants were selected in such a way that the whole coverslip was sampled, including the edge 
of the coverslip where more contamination may be present. All samples containing more than a 
few percent of non-diatom material were disregarded for isotope analysis. Further SEM analysis 
were also undertaken to check for contamination. In addition, a number of samples were also 
dissolved  in  a  strong  0.5  M  KOH  solution,  which  was  subsequently  analysed  by  ICP-AES. 
Concentrations of Al and Ca, which would indicate the presence of clays and aluminosilicates, 
were then monitored to check for sample purity.
Diatoms were analysed for oxygen isotopes using a SWF method to dissociate the silica and 
liberate the oxygen. Diatom hydrous layers were stripped during a pre-fluorination outgassing 
stage in nickel reaction tubes using a BrF5  reagent at low temperature before full reaction with 
an  excess  of  reagent  at  high  temperature.  Oxygen  was  converted  to  C02  following  the 
methodology of Clayton and Mayeda (1963) with 8,8O diM om  measured on an Optima dual inlet 
mass spectrometer.  8,8O diaiom  values were converted to the V-SMOW scale using a within-run 
laboratory  standard  (BFCmod)  calibrated  against  NBS28.  Diatom  species  biovolumes  for  the 
analysed samples were calculated following the genera specific recommendations of Hillebrand 
et al  (1999). Although measurements of diatom biovolume record the volume rather than the 
mass or the amount of oxygen within the frustule, the values represent an important tool for 
identifying the relative contribution of individual taxa to an isotope measurement. All species 
biovolumes  were  calculated on the  final  purified unreacted  sample with the  assumption that 
relative  hydroxyl  layer  thicknesses  were  constant  across  all  diatoms.  As  such,  following 
Hillebrand  et al.  (1999)  the  Coscinodiscus taxa,  which  dominate  the  samples  analysed here, 
were treated as a cylinder:
V = 7c.r2.h
(Eq. 19)
where V is the biovolume, r is the radius and h is the height or thickness of the frustule. Central 
to the recommendations of Hillebrand et al. (1999) is that the individual dimensions used within 
equation 19 be based on the median, not mean, measurements of at least 25 diatom frustules. All 
biovolumes calculated here were based on at least 30 observations per taxa, spread across the 
analysed samples
2.3.  Results
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Twenty five levels produced sufficient numbers of diatoms in both the 75-150 pm and >150 pm 
fraction for oxygen isotope analyses. All diatoms within these analysed samples are pristine and 
do not appear to have undergone any dissolution or diagenesis (Fig. 8, 9). In addition, levels of 
non-diatom contamination, as assessed by light microscope and SEM, are minimal in both size 
fractions  (Fig.  8,  9,  10a).  Trace  element  concentrations  within  the  purified  samples  are  also 
minimal  with  Al  less  than  0.5  wt.%,  most  likely  originating  from  the  diatom  frustules  as 
opposed  to  contaminants,  and  Ca  less  than  0.1  wt.%.  Sample  biovolumes  for  the  >150  pm 
fraction  are  dominated  by  Coscinodiscus  marginatus  (Ehrenb.)  and  Coscinodiscus  radiatus 
(Ehrenb.),  which  are  approximately  equally  distributed  throughout  with  neither  contributing 
more than 65% of any sample biovolume (Fig.  10b). Biovolumes in the 75-150 pm fraction are 
dominated  solely  by  C.  radiatus until  2.69  Ma,  after which  C.  marginatus becomes  dominant 
(Fig.  10b).
Figure 8: Comparison of the 75-150 pm and >150 pm size fractions at: A) 2.77 Ma (75-150 pm 
fraction dominated by C. marginatus, >150 pm dominated by C. radiatus)-, B) 2.81  Ma (75-150 
pm fraction dominated by C. marginatus and C. radiatus, >150 pm dominated by C. radiatus).
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Figure  9:  Typical  SEM  images  of extracted  diatom  material  analysed  for  5I80   showing  the 
complete removal of adhering clays and other forms of contamination.
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Figure 10: A) Sample purity, percentage of diatom material relative to all other material. B) Relative diatom species biovolumes in purified samples 
analysed for 81 8Oditm . C) Comparison of 518Odum  measurements (relative to V-SMOW) from the 75-150 pm fraction (down triangle) and >150  pm 
fraction (up triangle) between 2.86 Ma and 2.56 Ma. Error bars represent mean,  lo, analytical reproducibility of 0.44%o in the 75-150 pm fraction 
and 0.7l%o in the >150 pm fraction.Comparisons of the 5 18O djatom data indicates the presence of large isotope offsets between the two 
size  fractions  with  a  mean  offset  of  1.23%o  and  a  maximum  offset  of 3.51%o  (Fig.  10c,  11). 
Replicate  analyses  indicate  a  mean  5 18O diatom  analytical  error  of  0.44%o  in  the  75-150  pm 
fraction,  0.71%o  in the >150  pm  fraction and 0.4l%o for  B F C m0d,  the NIGL laboratory diatom 
standard.  Of  the  25  analysed  levels,  18  contain  offsets  which  are  beyond  the  combined 
analytical  reproducibility  (Root  Mean  Squared  Error  (RMSE))  for  the  two  size  fractions 
(0.84%o).  With  the  exception  of three  levels,  the  smaller  75-150  pm  fraction  has  a  higher 
S l8O diatom relative to the >150 pm fraction (p < 0.001). After the intensification of major Northern 
Hemisphere  Glaciation  at  2.73  Ma,  when  the  region  undergoes  major  palaeoenvironmental 
changes (see Chapter 4 and Haug et al. (1999; 2005)), 5 ,8O djatom values in the 75-150 pm fraction 
remain  statistically higher than the >150  pm  fraction,  but at a  lower confidence  interval  (p = 
0.08).
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Figure  11)  Relative  diatom  species  biovolumes  in  purified  samples  analysed  for  5 18O diatom 
alongside  the  magnitude  and  direction  of the  5 18O diat0m  offsets  between  the  two  size  fractions 
(>150 pm fraction minus 75-150 pm fraction). Dashed lines represent the RMSE of 0.84%o.
48/2052.4. Discussion
2.4.1. Extraction of  pure diatoms in marine samples
Measurements  of  8,80dUtom   are  highly  sensitive  to  the  degree  of  sample  contamination, 
particularly when sample purity falls below 90% (Morley et al., 2004). Obtaining pure diatom 
material  for isotope analysis,  however,  is  both time  consuming  and challenging,  particularly 
when diatoms are intermixed with similar sized clay and silt grains.  Several techniques have 
been  suggested  in  the  past  to  purify  and  extract  pure  diatoms  from  sediment  samples  (e.g. 
Shemesh et al.,  1995; Morley et al., 2004; Rings et al., 2004; Lamb et al., 2005) but success 
with one particular technique is no guide to success with material  from another site.  Here  a 
three-stage methodology is suggested for the purification of marine diatom samples for isotope 
analysis, similar to that proposed for lacustrine samples by Morley et al.  (2004) (Fig.  7). The 
proposed method appears particularly well  suited for sites possessing large,  >75  pm,  marine 
diatoms and has significant potential in extracting clean samples which also contain only low 
numbers  of individual  diatom  taxa.  In  particular,  the  importance  of visual  analysis  of the 
sediment prior to the first sieving stage is emphasised as a pre-cursor to selecting sieve fraction 
sizes in order to ensure low species diversity and in order to minimise any seasonality effect. A 
balance  is  needed  though  between  reducing  the  number  of species  and  ensuring  sufficient 
material is extracted for isotope analysis.  Sample purity is also significantly improved in this 
method  by  only  sieving  and  collecting  large  sized  diatoms.  This  results  in  virtually  all 
contamination,  in  particular  smaller  sized  clay/detrital  contamination,  being  easily  removed 
during the sieving stages.
2.4.2. Reliability o f the isotope record
Analysis  of 81 8 O diatom   for use  in  palaeoclimatic  and palaeoenvironmental  reconstructions  is  a 
comparatively recent development. As such, consideration is required of all the issues detailed 
in  Chapter  1   which  may  affect  the  reliability  of  the  81 8 O diaiom   signal,  namely  clay/silt 
contamination and frustule dissolution/diagenesis. As detailed above and highlighted in Figures 
8,  9,  10a,  all  analysed  diatom  samples  can  be  considered pristine with  minimal  non-diatom 
contamination.  In  addition,  no  evidence  of diagenesis  or dissolution  exists  either within  the 
sediment or the diatoms analysed for 5,80. Low trace elemental concentrations also indicate the 
lack of non-diatom contaminants in the analysed samples.
Further evidence to support the purity and lack of contamination within the analysed samples is 
present  within  the  5,8O diatom   data  itself.  Firstly,  high  8l8Odiatom   values  in  all  samples  makes  it 
unlikely that contamination is an issue since the 81 8 0  of clays and silts are usually significantly 
lower than 81 8 O duitom , although no clay isotope values are available from ODP Site 882 over the 
analysed interval. Secondly, it would be expected that if contamination was an issue, the relative 
amount  of any  contamination,  particularly  from  clays,  would  be  greater  in  the  75-150  pm
49/205fraction due to the fraction's smaller size. This would then lead to 8,8O diatom  values in the 75-150 
pm fraction being lower than the >150 pm fraction. In practice, the 75-150 pm fraction displays 
higher 81 8 O di«tom  values in almost all samples (Fig.  10c,  11). This, combined with high levels of 
diatom purity (Fig.  10a), reiterates that contamination is not an issue and can not explain the 
observed offsets.
An important finding in recent years  is evidence for secondary isotope exchange  in diatoms, 
caused by silica maturation, which increases  sediment values of 81 8 Odiatom  relative to diatoms 
within the water column (Schmidt et al.,  1997, 2001;  Brandriss et al.,  1998; Moschen  et al., 
2006). Checking for silica maturation in diatoms is difficult as it does not always visibly alter 
the diatom frustule and so can not be checked or assessed under a light microscope or SEM. 
However, it would be expected that any secondary isotope exchange caused by silica maturation 
would be constant across both size fractions. As such, silica maturation should not lead to the 
isotope offsets observed here between the two size fractions. The issue of silica maturation is 
further address in Chapter 4, within the context of the additional data presented in that chapter. 
By comparing measurements of 8,8O diatom  to changes in bottom water 8lsO, strong evidence is 
found to indicate that issues of silica maturation have not had a notable impact on 8,8Odiatom  at 
ODP Site 882 over the analysed interval.
2.4.3.  Seasonality/temporal effect
C.  marginatus and  C.  radiatus are cosmopolitan species  found today throughout most  of the 
world's oceans. Both taxa are also present in late Quaternary cores from the North Pacific Ocean 
(e.g.,  Sancetta,  1982).  Monitoring  studies  on  C.  marginatus  and  C.  radiatus  from across  the 
North Pacific Ocean show that these taxa have similar temporal fluxes to one another with peak 
annual fluxes occurring in the autumn/early winter months (Takahashi,  1986; Takahashi et al., 
1996 Onodera et al., 2005). This is reinforced by records of C.  marginatus and C.  radiatus at 
monitoring station 50N in the North West Pacific Ocean, situated close to ODP Site 882 (see 
Fig. 5), which also show a similar relative flux between C. marginatus and C. radiatus frustules 
in the 75-150 pm size range through the course of the year (Table 6; Onodera et al., 2005; pers 
comm.  Onodera 2006). No data is available on the temporal flux of >150 pm frustules, due to 
their almost complete absence from the samples collected at station 50N and due to a lack of 
other studies investigating the temporal and ecological characteristics of very large frustules for 
these taxa.  However,  since  all  available  evidence  from the North Pacific Ocean  shows peak 
fluxes of these taxa occurring together during autumn/early winter, it is reasonable to assume 
that similar patterns also exist for >150 pm sized frustules. Consequently, it is unlikely that the 
isotope offsets are related to an inter- or intra-species seasonality effect.
Table  6:  Relative  flux  of C.  marginatus  and  C.  radiatus  at  station  50N  (see  Fig.  5)  from
50/205December 1997 to May 2000 (DJF = December, January, February; MAM = March, April, May; 
JJA = June, July, August;  SON = September October, November).  Only minimal numbers of 
>150 pm diatoms were present in the analysed samples (n=5 for C. marginatus and n=0 for C. 
radiatus). Data from Onodera et al. (2005) and Onodera per  s. comm. (2006).
Season  All sized  frustules  Frustules 75-150 pm in diameter
C. marginatus (%)  C. radiatus (%)  C. marginatus (%)  C. radiatus (%)
DJF 24.76 26.35 41.32 45.69
MAM 26.02 21.58 27.34 24.79
JJA 16.84 16.11 10.62 3.96
SON 32.38 35.96 20.72 25.56
Given that  each  sample  represents  on  average  a 2000-3000 year  interval,  it  is  possible  that 
different  conditions  within  the  time  interval  covered  by  each  sample  may  have  favoured 
different  sized  diatoms.  For  example,  diatoms  from  the  75-150  pm  fraction  may  have 
predominantly originated from periods of higher salinity/lower temperatures and diatoms in the 
>150  pm  fraction  from periods  of lower  salinity/higher temperatures.  However,  even  if this 
occurred, it is hard to envisage that environmental conditions could have varied sufficiently at 
ODP Site  882  in the past to  explain  the  entire  magnitude  of these  offsets.  Using  a diatom- 
temperature coefficient of -0.2%o/°C, the mean isotope offset between the two size fractions of 
1.23%o  becomes  equivalent to  a  SST change  of 6.15°C  with  the  maximum  offset  of 3.5l%o 
equivalent  to  a  change  of  17.55°C.  For  a  diatom-temperature  coefficient  of -0.5%o/°C,  the 
offsets are equivalent to SST changes  of 2.46°C  and 7.02°C respectively.  Both sets of values 
compare with a relatively small mean SST fluctuation of 0.28°C/kyr over the analysed interval 
(Haug  et al.,  2005).  Similarly,  if a record  of Sea  Surface  Salinity  (SSS)  is  calculated  (see 
Chapter 4), mean rates of change in SSS are equivalent to c. 0.10%o/kyr in the analysed samples 
when using a SSS:81 8 0  relationship of 1   and c. 0.20%o/kyr with a SSS:81 8 0  relationship of 2. 
Consequently, it is unlikely that the offsets between the two size fractions are related to different 
sized diatoms growing in separate intervals of different palaeoenvironmental conditions. This is 
particularly true from 2.81 Ma to 2.73 Ma when environmental conditions were relatively stable 
with SST of c. 8°C (Maslin et al., 1995b,  1996; Haug et al., 1999, 2005). Despite this, 11 out of 
14 samples from this period display a 5,8O di«tom  offset greater than the RMSE with a mean offset 
through this interval of 1.44%o (Fig.  11).
2.4.4.  Evidence of an inter-species effect
Given the existence of only two dominant taxa within the analysed samples, the 51 8 Odiatom  offsets 
could reflect an inter-species effect between C. marginatus and C. radiatus. Visual comparisons, 
however, only provide evidence for a weak, largely unclear, relationship between the 81 8 Odiato m  
offsets and differences in diatom species biovolumes between the two fractions (Fig.  11). From
51/2052.86 Ma to 2.74 Ma, when biovolumes in the 75-150 pm fraction contain >90% C. marginatus, 
increases  in  C.  marginatus!C.  radiatus  in  the  >150  pm  fraction  are broadly  associated  with 
higher/lower 8,80diatom  offsets between the two size fractions (correlation coefficient r = 0.49 for 
both) (Fig.  11). However from 2.69 Ma onwards, when biovolumes in the >150 pm fraction are 
constant and biovolumes vary in the 75-150 pm fraction, the relationship reverses with increases 
in C.  marginatus/C.  radiatus in the 75-150 pm fraction associated with lower/higher 8,8O diato .n  
offsets (r = -0.53 and +0.46 respectively).
2.4.5.  Evidence o f  a size effect
With  all  but  one  of the  significant  offsets  marked  by  higher  5,80diau>m   measurements  in  the 
smaller 75-150  pm  fraction,  relative  to  the  >150  pm  fraction,  it  is  instead  possible  that the 
offsets are related to a size-related species effect. While these offsets may be better described as 
an isotope vital effect (i.e., non-equilibrium isotope fractionation) the term species effect is used 
instead  since  diatom  8,80   equilibrium  is  unknown.  Determining  the  processes  which  might 
cause such a size effect, however, are not straight forward and can only be truly investigated 
through culturing experiments in addition to diatom monitoring and sediment core top studies. 
Consequently here it is only possible to speculate as to the causes of the offsets based on the 
available modem and fossil data. Within foraminifera, size-related vital effects arise from their 
vertical migration in the water column at different stages in their life cycle (Sautter and Thunell, 
1991). This is unlikely to be an issue for diatoms which primarily bloom and take up oxygen 
into the inner tetrahedrally bonded -Si-O-Si  layer within the photic zone.  Evidence from the 
North  Pacific  Ocean  suggests  that  today  all  diatoms  except  Thalassiosira  trifulta  and 
Thalassiosira  gravida  bloom  within  the  upper  50  m  of  the  water  column  (Katsuki  and 
Takahashi, 2005). Water column profiles from close to ODP Site 882 show the salinity gradient 
through the year in the upper 50 m of the water column to be less than 0.2 psu (Antonov et al., 
2005) (Fig. 5). As such, any salinity effect on the 8,8O diaiom  offsets would be minimal and within 
the analytical reproducibility of the 81 8 Odutom measurements. Profiles also show the temperature 
gradient between the surface and 50 m water depth to be negligible, less than 1°C, through most 
of the year (Fig.  6)  (Locamini  et al.,  2005).  Consequently,  if modem  day  SST (Fig.  5)  and 
diatom growth patterns at Station 50N (Table 6) are used as an analogue for the past, differences 
in diatom depth habitats for different sized frustules could only result in a minor offset of c. 
0.1%o if all of the >150 pm frustules are assumed to bloom at the surface and all of the 75-150 
pm frustules are assumed to bloom at the limits of the photic zone (50m), when using a diatom- 
temperature  coefficient  of either  -0.2%o/°C  or  -0.5%o/°C. Although  the  temperature  gradient 
increases  to  5-6°C  between  July  and  September  (Locamini  et  al.,  2002),  the  blooms  of C. 
marginatus and C.  radiatus over this interval account for only  19.4% and 29.0% of their total 
annual  flux  or  13.1%  and  6.2%  of the  75-150  pm  total  annual  flux  respectively  (Table  6; 
Onodera et al., 2005). It is also likely that the majority of frustules will actually bloom nearer
52/205the surface where light penetration is higher and where differences in the temperature gradient 
are further reduced.
While a proportion of the offsets could be explained if all 75-150 pm diatoms bloomed in spring 
and all >150 pm diatoms bloomed in autumn, as highlighted above such a combined size effect 
and seasonality effect appears unlikely given the aforementioned contemporary studies, which 
show similar temporal fluxes of C. marginatus and C. radiatus through the year with peak fluxes 
in autumn/early winter (Table 6; Takahashi,  1986; Takahashi et al., 1996; Onodera et al., 2005). 
Furthermore  19  out  of the  25  analysed  samples  originate  prior  to  the  development  of the 
halocline  in  the  region  at  2.73  Ma,  when  the  seasonal  SST  gradient  would  have  been 
significantly reduced relative to the 8°C gradient that exists today (Fig.  5) (see Chapter 4 and 
Haug et al. (1999, 2005)). As such for these 19 samples, a size-related seasonality effect is even 
less likely to be responsible for the observed isotope offsets.  While the discussion within the 
above paragraphs is heavily reliant upon the use of modem day oceanographic and diatom flux 
data, based on this data it seems unlikely that the offsets between the two size fractions reflect a 
size-related habitat or seasonality effect.
Schmidt  et al.  (2001) have previously  suggested that 5,8O diatom  may be partially governed by 
diatom growth rates with less isotope fractionation occurring in fast-growing diatoms.  Today, 
much  of the North West Pacific Ocean is believed to be under Fe limitation with respect to 
diatom growth (Harrison et al., 1999; Tsuda et al., 2003; Yuan and Zhang, 2006). Consequently, 
changes in Fe deposition, particularly variations in line with glacial (high Fe aeolian deposition) 
- interglacial (low Fe aeolian deposition) cycles, and the subsequent impact on diatom growth 
rates and cell chemistry (see Hutchins and Bruland (1998); Takeda (1998) and reviews in de 
Baar  et  al.  (2005)  and  Ragueneau  et  al.  (2006))  may  potentially  be  initiating  the  offsets. 
However, no relationship is apparent between glacial and interglacial intervals, as indicated by a 
global  stacked benthic 5,8O foram  record (Lisiecki and Raymo, 2005), and the magnitude of the 
5I8O diatom  offsets (Fig.  12). Furthermore, there is some doubt as to whether the region was Fe 
limited in the past (Kienast et al., 2004).
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Figure 12: Relationship between a global stacked benthic 51 8 Ofonim  record (Lisiecki and Raymo, 
2005) and the 51 8 0d»toni offsets (>150 pm fraction minus 75-150 pm fraction). The absence of 
any relationship between 51 8 Oforam  and 8,8O diatoni suggests that the 8,8O diatom  offsets are not related 
to glacial-interglacial changes in aeolian Fe deposition in the North West Pacific Ocean.  Error 
bars on 51 8 O di*tom  data represents the RMSE of 0.84%o for the two size fractions.
The availability of nutrients such as N, Si and P may be important in explaining the offsets after 
c. 2.73 Ma following the development of a halocline stratification system in the region, which 
significantly  limited deep water delivery  of nutrients  into  the  photic  zone  and  lowered  opal 
accumulation  rates  within  the  sediment  (see  Chapter  4  and  Haug  et al  (1999;  2005)).  For 
example, the extent to which 5,8Odiatoni in the 75-150 pm fraction is significantly higher than the 
>150 pm fraction decreases at this juncture (p = 0.08 compared to p < 0.001 prior to 2.73 Ma). 
In addition, the transition from changes in C. marginatus being associated with larger to smaller 
81 8 O diatom  offset (Section 2.4.3) also occurs over the same  interval.  However, N,  Si, and P are 
unlikely to be significant in explaining the offsets prior to 2.73 Ma (a period including 19 of the 
25  analysed  levels)  when  a  mixed  water  column  was  marked  by  extremely  high  opal 
accumulation rates and high nutrient availability (Haug et a l,  1999; 2005).  It is also unclear 
whether  issues  of diatom  growth  rates  and nutrient availability  are  relevant  issues  at  all  for 
explaining  the  offsets  since  any  change  in  diatom  growth  rates/nutrient  availability  would 
presumably be constant across all diatoms, regardless of size, at a given level. However, it is 
possible that the growth effect identified by Schmidt et al (2001) influences larger diatoms to a
54/205greater extent than smaller diatoms.
Future work
Above, a series of processes were investigated for their potential to explain the large 81 8 Odiato m  
offsets observed at ODP Site  882.  Given that all but one of the  levels  are marked by higher 
values in the 75-150 pm fraction, a size-related species effect may be present. However, based 
on  the  available  data no  one  mechanism  can  be  confidently  attributed  to  explain  the  entire 
magnitude of the offsets. In Section 2.5.1 the role of silica maturation was discounted as a factor 
in explaining the isotope offsets. In particular, it was assumed that the magnitude of any silica 
maturation  effect  would be  constant  across  both  size  fractions  in  a  given  sediment  sample. 
Theoretically, it is conceivable that the 8l8Odiatom  offsets reflect a size-related difference in the 
extent to which silica maturation occurs in diatoms with greater silica maturation occurring in 
the smaller 75-150 pm fraction.  However, at present no evidence exists to indicate that inter- 
and  intra-species  variations  occur  in  the  magnitude  of silica  maturation  isotope  exchange. 
Consequently,  based  on  current  scientific  knowledge,  issues  of silica maturation  can  not  be 
attributed to explain the S^O^m offsets presented within this chapter.
From the above, there is a clear need for further sediment trap, core top and culture studies on 
5,8Odiatom . Such work on both marine and freshwater diatoms should consider the inter- and intra­
species variations in S^O^m that might arise following changes in diatom growth rates, cell 
chemistry,  deep  water  upwelling,  nutrient  availability  and  other  physiological  and 
environmental  conditions.  In  addition,  given  the  potential  for  silica  maturation  to  modify 
81 8 Odiatoni,  experiments  are  required  to  both  better  understand  the  processes  by  which  silica 
maturation occurs  and the possible  extent to which  silica maturation may vary between  and 
within individual diatom taxa.
2.5.  Conclusions
The presence of large 51 8 Odiatom  offsets between two size fractions at ODP Site 882 represents a 
notable problem for future applications of 8,8Odiato m  in palaeoceanographic reconstructions. Both 
taxa which dominate the two size fractions analysed here bloom together, primarily during the 
autumn/winter months. With all but one of the isotope offsets marked by higher values in the 
75-150 pm fraction, a size-related species effect may be present.  Identifying the mechanisms 
behind such an effect, though,  is problematic.  Given that the magnitude of the offsets varies 
throughout,  it remains possible that the offsets are also controlled by a combination of other 
additional processes, such as an inter-species effects. Based on this uncertainty, further studies 
are required to investigate and understand the 81 8 0  signal in diatoms with respect to both inter- 
and intra-species offsets and the extent to which similar isotope offsets may exist outside of C. 
marginatus  and  C.  radiatus.  To  this  end,  the  issue  of 81 8 Odiato m   species/vital  effects  is  further
55/205examined in Chapter 3 of this thesis. However, based on this initial study, it appears essential 
that future samples analysed for 51 8 Od u U om  be as size and species specific as possible in order to 
minimise or eliminate the isotope offsets observed here.
56/205Chapter 3: Isotope offsets in diatom oxygen isotopes: Part II 
3.1. Introduction
Measurements  of  81 8 0diatom   are  increasingly  being  used  as  a  means  of  obtaining 
palaeoenvironmental  and  palaeoclimatic  records  from  sedimentary  sequences  devoid  of 
carbonates (e.g., Shemesh et al.,  1994; Morley et al., 2005). The need for such measurements, 
for example in high latitude regions, is highlighted by the absence of more traditional materials 
at these locations for obtaining 8,80  data, e.g., foraminifera in marine systems and ostracods in 
lacustrine  systems  (see Figure  1).  With high  latitude regions particularly sensitive to  climate 
change, so the number of 81 8 Odiatom  measurements is likely to expand as both the procedures and 
chemicals used for analysing 8,8O diatom  become simpler and less hazardous (e.g.,  Lticke et al., 
2005).
An important feature of almost all samples currently analysed for 81 8 O diatom  is the large number 
of individual diatom species which may be present within a single sample. Results in Chapter 2 
detailed the presence of large 81 8 0dmto m  offsets of up to 3.5 l%o (mean offset =  1.23%o) between 
two size fractions, 75-150 pm and >150 pm, at ODP Site 882 between 2.84 Ma and 2.57 Ma. 
The existence of large 51 8 Odiatom  offsets up to this magnitude creates significant uncertainty over 
the validity of many existing 81 8 0diatom reconstructions and may limit future measurements  of 
8,8O diaiom  to samples dominated by only a single diatom taxa. At present, however, the evidence 
for a vital/species effect in 81 8 Od latom  is only based on material from a single site over a single 
time  interval.  In  addition  the  precise  mechanisms  causing  the  offsets  between  the  two  size 
fractions remains unknown.  Whilst evidence in Chapter 2  points towards  the  existence  of at 
least a size-related species effect in 81 8 Od ia to « n , there is a need to replicate these results and to 
investigate the existence of similar offsets over other time-frames. Here, the issue of vital effects 
in 81 8 O diatom  is further examined by analysing material from ODP Site 882 (Fig.  5) over the last 
200 kyr BP (MIS  7 to MIS  1).  Similar to Chapter 2, large isotope offsets are found between 
different  species  and  size  fractions  of  diatoms  (mean  offset  =  2.02%o),  further  providing 
evidence that a vital effect may exist within 8,8O diatom .
3.2. Methodology
Sediment samples, as in Chapter 2, were collected from ODP Site 882 in the North West Pacific 
Ocean  covering  the  last  200  kyr  (Fig.  5).  Sample  ages  for  this  interval  were  taken  from  a 
magnetic susceptibility and GRAPE density derived age model with additional cross correlation 
between benthic  81 8 Ofo r a m  records from ODP Site  882 and 883  used to verify the stratigraphy 
(Haug,  1995).  Samples  for  8,8O diatom   were  prepared  following  the  three-stage  methodology 
outlined  in  Chapter  2  with,  as  detailed  below,  the  additional  use  of a heavy  liquid  sodium 
polytungstate (SPT) stage to remove non-diatom contaminants. Due to the different size range 
of the  diatom  frustules  present  in  the  sediment,  compared  to  those  analysed  in  Chapter  2,
57/205samples here were sieved at 38 pm, 75 pm and  100 pm with the 38-75 pm and >100 pm size 
fractions retained for isotope analysis. These size fractions were identified by light microscopy 
as being the most suited towards minimising species diversity within the final purified samples. 
The 75-100 pm size fraction range was used in an attempt to collect and prevent fragments of 
>100 pm diatom frustules from entering the 38-75  pm fraction. While the size range of each 
extracted size fraction would ideally have been reduced to create more sieve bins, e.g.,  38-50 
pm,  50-75  pm,  100-125  pm etc, as in Chapter 2 this was not possible due to the necessity of 
extracting sufficient material for isotope analysis (c. 5 mg). Sieve bins for size fractions smaller 
than  38  pm were  also not  suitable  for isotope  analysis  due to the  large  number of different 
diatom taxa in this size fraction and due to the presence of multiple fragments of larger sized 
diatoms. Insufficient numbers of very large diatoms in the sediment also meant that a >150 pm 
fraction, similar to that analysed in Chapter 2, could not be collected and analysed for 5,8Odiatoni. 
This can be attributed to the lower diatom accumulation rates at ODP Site 882 over the last 200 
kyr,  0.0-1.6g/cm2   kyr,  compared  to  the  2.84-2.57  Ma  interval  analysed  in  Chapter  2,  2.5- 
4.5g/cm2  kyr (Haug, 1995).
The use  of SPT to remove non-diatom material when preparing  samples  for diatom  isotope 
analysis has been previously demonstrated by Morley et al.  (2004) in Lake  Baikal  over late 
glacial and Holocene aged samples. An SPT stage was not necessary in Chapter 2 (2.84-2.57 
Ma)  due  to  the  significantly  higher  diatom  concentrations  and  lower  relative  amounts  of 
contamination  in  those  samples.  In  addition,  the  extracted  size  fractions  in  Chapter  2  were 
significantly greater than those extracted here in Chapter 3 (75-150 pm and >150 pm compared 
to 38-75 pm and >100 pm). With most clay and silt contaminants generally ranging in diameter 
from c. 2 pm to 75 pm, virtually all contamination for the samples analysed in Chapter 2 were 
removed during the various sieving stages. In contrast here, moderate amounts of contamination 
remained, particularly in the  smaller 38-75  pm fraction,  even after sieving. As  such,  here  in 
Chapter 3  following the treatment of samples with H20 2  and HC1 to remove organic material 
and carbonates, all samples, both the  38-75  pm and >100 pm fractions, were further cleaned 
using SPT at a series of specific gravities from 2.10-2.25 g/ml. For this, similar to the procedure 
in Morley et al. (2004), samples were balanced on top of 6 ml of SPT and centrifuged at 2,500 
rpm  for 20 minutes.  This resulted  in denser material,  such as  silts  and clays,  sinking to  the 
bottom  of the  centrifuge  tube  while  diatoms  remained  suspended  on  top  of or  within  the 
solution,  from where they  could be pipetted off. All  samples  were  centrifuged  in  SPT three 
times  at three  different  specific  gravities,  firstly  at  a density  of c.  2.25  g/ml,  secondly  at  a 
density of c.  2.20 g/ml and finally at a density of c. 2.10 g/ml with suspended material from 
each SPT wash used with the next SPT wash and so on. This gradual decrease in SPT density 
with each wash appeared to be an important factor in  improving  sample purity,  although no 
quantitative  measurements  of this  improvement  were  made.  The  entire  SPT  procedure  was
58/205repeated according to need up to three times  (i.e.,  a total of nine SPT washes).  Samples  still 
containing significant visible amounts of non-diatom contaminants after this were disregarded 
for isotope analysis.
After the  final  SPT  wash,  samples  were  centrifuge  washed  three  time  at  x1,500  rpm  for  5 
minutes and then re-sieved at 5 pm using cellulose nitrate membrane filters to remove all traces 
of the SPT. This is an important stage as trace amounts of SPT can significantly alter measured 
values of 5,80  (Morley et al., 2004). Sample contamination, diatom biovolumes and analysis of 
5,8O diatom   was  subsequently  carried  out  following  the  methodology  outlined  in  Chapter  2. 
Following the recommendations of Hillebrand et al. (1999), all Actinocyclus, Coscinodiscus and 
Thalassiosira taxa present in the extracted samples were treated as cylindrical objects for the 
purpose of biovolume calculations (Eq. 19).
3.3.  Results
Light microscope and SEM work shows the diatoms to be pristine and to have not been affected 
by dissolution  or diagenesis  (Fig.  13,  14).  Levels  of non-diatom  contamination  in both  size 
fractions were also minimal (Fig.  13,  14,  15a). Diatom biovolumes for the 38-75  pm fraction 
indicate the 81 8 O diatom  signal to primarily originate from Actinocyclus curvatulus (Janisch in A. 
Schmidt), Thalassiosira gravida (Cleve), Thalassiosira trifulta group and multiple fragments of 
the  larger  C.  radiatus  (Fig.  15b).  The  relatively  large  number  of different  taxa  in  this  size 
fraction,  compared to  samples  analysed  in  Chapter 2,  is  linked to  the  smaller  size  fractions 
analysed within this chapter (e.g., the 38-75 pm size fraction analysed here compared to 75-150 
pm for the smallest size fraction analysed in Chapter 2). Analysis of a 38-75  pm size fraction 
over the 2.84-2.57 Ma interval covered in Chapter 2, would have resulted in a similar level of 
diatom flora diversity to that observed here in Chapter 3 for the 38-75 pm fraction.
The high relative bio  volume abundance of C. radiatus in a few samples of the 38-75 pm fraction 
is attributable to the presence of multiple  C.  radiatus fragments within some samples.  This is 
most  likely  due  to  the  multiple  centrifuging  and  sieving  stages  required  to  clean  sediment 
samples  for diatom  isotope  analysis.  With  some  samples  requiring more  centrifuging/sieving 
than other samples, large (>100 pm) diatom frustules such as C.  radiatus are in some samples 
more likely to be broken and fall through to the smaller 38-75 pm size fraction. While in most 
cases broken fragments were removed by sieving and collecting material with a 75-100 pm size 
fraction,  as  indicated  in  Figure  15b  this  was  not  always  sufficient  to  remove  all  fragments. 
Despite  this,  all  fragments  in  the  38-75  pm  size  fraction  show  fully  preserved  surface 
characteristics  and display no visible  signs of dissolution or other processes  which may alter
8   O d ia to m -
59/205Samples in the >100 pm fraction are dominated throughout by C.  radiatus which is constantly 
above 66%, and typically above 90% relative biovolume abundance.  C. marginatus increases to 
c. 20% relative biovolume abundance in the three oldest samples (Fig.  15b). While the >100 pm 
fraction may potentially contain a large range of different size diatom frutsules,  there are few 
frustules  actually  above 200  pm  in diameter.  Measurements  across  all >100  pm  size  fraction 
samples indicate a mean frustule diameter of 144 pm and an upper-quartile diameter of 166 pm.
Figure 13: Typical diatom light microscope images at 4.7 kyr BP, 72.4 kyr BP and 115.7 kyr BP. 
All frustules range in diameter from 75-120 pm expect the frustules in columns 2 and 4 in row 2
60/205which are 40 jam and 45 pm respectively.
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Figure  14:  SEM images of diatoms analysed for 5lsO at 4.7 kyr BP, 75.9 kyr BP,  96.8  kyr BP 
and  115.7 kyr BP.
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Figure  15: A)  Sample  purity, percentage  of diatom  material  relative to  all  other material.  B) 
Relative diatom species biovolumes in purified samples analysed for 51 8 0djatam. C) Comparison 
of 51 8 0diatcm   measurements  (relative  to  V-SMOW)  between  the  38-75  pm  fraction  (blue  up 
triangle) and the >100 pm fraction  (red down triangle) from 200 kyr onwards.  Error bars for 
5,80d,atom  are within the size of the symbols.
62/2055l8Odiatom   measurements  from both  the  38-75  pm  and  >100  pm  fractions  show  simultaneous 
variations of up to 13%o (correlation coefficient r = 0.84) over the analysed interval (Fig.  15c). 
Direct comparisons, however, show the presence of large and highly variable offsets between 
the two size fractions with a mean offset of 2.02%o (offset range = 0.33%o to 3.07%o) (Fig.  16, 
Table 7). Replicate analyses indicate an analytical error of 0.49%o in the 38-75 pm fraction and 
0.28%o in the >100 pm fraction and 0.48%o for BFCm 0 d, the NIGL diatom standard.  Of the  15 
analysed  levels,  only  one  level  (9.1  kyr  BP,  offset  =  0.33%o)  contains  an  offset  below  the 
combined  analytical  reproducibility  for  the  two  size  fractions  (Root  Mean  Squared  Error 
(RMSE)) of 0.56%o (Fig.  16, Table 7). In contrast to the results in Chapter 2, the direction of the 
offsets  varies throughout with no  one  size  fraction  constantly  higher or lower relative to  the 
other. 51 8 Odiato m  is lower in the >100 pm fraction, relative to the 38-75 pm fraction, at 4.7 kyr BP, 
80.3 kyr BP, 96.8 kyr BP and 99.3 kyr BP (Fig.  16, Table 7). For all levels in which 51 8 Od ia to m  is 
higher  in  the  >100  pm  fraction  relative  to  the  38-75  pm  fraction,  the mean  offset  is  2.18%o 
(range = 0.63%o to 3.07%o,  n=10). For all levels in which 51 8 Odiato m  is higher in the 38-75  pm 
fraction, the mean offset is 1.70%o (range = 0.33%o to 2.50%o, n = 5).
Table 7:  61 8 O diatom  data for the 38-75  pm and >100 pm size fractions.  Offsets are difference in 
§1 8 Odiatom  between the two size fractions  (>100  pm fraction minus 38-75  pm fraction).  Shaded 
values indicate offsets greater than the RMSE for the two size fractions of 0.56%o.
Age (kyr BP) S,8Odialom (%o) Offset (%o)
38-75 fim >100 fim
4.7 36.55 34.53 -2.02
9.1 40.14 39.82 -0.33
46.6 33.93 35.16 +1.23
51.3 36.86 39.76 +2.90
67.7 42.41 43.04 +0.63
72.4 41.55 42.63 +1.08
75.9 33.33 36.39 +3.07
80.3 31.82 29.32 -2.50
86.1 35.18 37.91 +2.74
92.2 39.34 42.09 +2.76
96.8 43.16 41.56 -1.60
99.3 41.90 39.82 -2.07
111.4 35.91 38.66 +2.75
115.7 39.53 41.20 +1.67
195.4 38.40 41.37 +2.97
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Figure  16:  Relative diatom species biovolumes in samples analysed for 5l8Od ia to m  alongside the 
magnitude  and direction  of the  51 8 O diatom  offsets  (>100  pm  fraction minus  38-75  pm fraction). 
Dashed lines represent the RMSE of 0.56%o.
3.4.  Discussion
Sections 3.4.1 and 3.4.2 below investigate the extent to which non-vital effect processes, such as 
sample contamination and silica maturation, together with temporal variations in diatom blooms 
and environmental conditions (seasonality  effect), may be contributing to the offsets. With no 
evidence  that  these  processes  are  significant,  Section  3.4.3  examines  whether  evidence  of a 
species/vital effect in 51 8 Od ia to m  exists within the data.
64/2053.4.1. Reliability of the isotope record
3.4.1.1. Sample contamination
As detailed in Section 3, the samples analysed here show no visual evidence to suggest that the 
extracted diatoms have been subjected to dissolution or diagenesis (Fig.  13,  14).  In addition, 
visual  inspections by light microscopy and  SEM  show that sample contamination  from non­
diatom sources is minimal (Fig.  13,  14,  15a). Although sample purity falls to 93% at 46.6 kyr 
BP and  115.7  kyr BP in  the  38-75  pm  fraction,  these  two  samples  still  represent  a  “clean” 
sample with purity above the 90% threshold recommended by Morley et al. (2005). In addition, 
if these two levels are removed from the dataset (offsets in these levels are 1.23%o and 1.67%o at
46.6  kyr  BP  and  115.7  kyr  BP respectively)  the  mean  5l80diatan  offset  across  all  remaining 
samples increases to 2.11%o. As such, these “less clean” samples are not causing the offsets.
Table 8: Levels containing S^Odiamn offsets less than the RMSE of 0.56%o when mass balanced 
corrected for a given theoretical value of 51 8 Ociay.
Samples less than combined analytical reproducibility (0.56%o)
0% o to +5%o 67.7 kyr BP and 115.7 kyr BP
+6%o to +9%o, 46.6 kyr BP, 67.7 kyr BP and 115.7 kyr BP
+10%o to +13%o 9.1 kyr BP, 46.6 kyr BP, 67.7 kyr BP and 115.7 kyr BP
+14%o to +20%o 9.1 kyr BP, 46.6 kyr BP, 67.7 kyr BP
The possible effect of clay contamination on the measured 8,80  signal can be further examined 
by mass-balance correcting the isotope composition of each sample (Morley et al., 2005). The 
measured 8,80  value of all  samples can be assumed to be a linear mixture of the  81 8 0   from 
diatoms and 81 8 0  from contaminant clay. By knowing the 81 8 0  value of the clay contaminants 
and by using the  sample purity data as  an estimate of the relative  amount of contamination 
within the sample, the clay contribution to the measured S1 8 0  signal can be accounted for to 
provide a contaminant corrected value of 8,8O diatom - 8,80  values of clays are usually significantly 
lower than that for 8,8O diatom - No clay 8,80  values, however, were measured at ODP Site  882 
over the analysed interval due to the difficulty in obtaining a pure clay sample. However, using 
a range of 8,8Ocia y  values from 0% o to +20%o shows that the 8,8O d iatom  offsets can not be explained 
by different amounts of clay contamination between the two size fractions, with at least  11  of 
the  15 analysed levels always containing isotope offsets greater than the RMSE (Table  8; Fig. 
17). This is related to the low/minimal amounts of contamination within most samples and the 
similar amounts  of contamination  within both  size  fractions  of a given  level  (Fig.  15a).  For 
theoretical 81 8 Ocia y  values from 0% o to +5%o, mass balanced corrected 81 8 0diato m  offsets at 67.7 kyr 
BP and  115.7 kyr BP are less than the RMSE (Table 8; Fig.  17). For theoretical 81 8 Ocia y  values 
from +6%o to +9%o,  offsets  at 46.6 kyr BP,  67.7 kyr BP and  115.7 kyr BP are  less  than the 
RMSE. For theoretical 81 8 Ocia y values from +10%o to +13%o, offsets at 9.1 kyr BP, 46.6 kyr BP,
65/20567.7  kyr BP and 115.7 kyr BP are less than the RMSE. For theoretical 8,8Ocuy values from 14% o 
to +20%o, 9.1  kyr BP, 46.6 kyr BP and 67.7 kyr BP are less than the RMSE.
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Figure  17:  5l8O diatom   offsets  (>100  pm  fraction  minus  38-75  pm  fraction)  mass  balanced 
corrected for contamination using a range of  5 ,8 O c iay  values. Magnitude of clay contamination in 
each sample is based on diatom purity data (Fig.  15a).  Dashed lines represent the RMSE of 
0.56%o.
3.4.1.2. Silica maturation
A prominent issue affecting fossil  records of 8 ,8 O d iatom   is the possibility of secondary  isotope 
exchanges in diatoms during sedimentation (Schmidt et al.,  1997, 2001; Brandriss et al.,  1998; 
Moschen et al., 2006). The process of silica maturation has yet to be fully understood but has 
previously  been  related  to  a  2.5%o  increase  between  living  diatoms  and  surface-sediment 
diatoms in Lake Holzmaar, Germany (Moschen et al., 2006) and isotope deviations of up 10% o 
in  laboratory experiments  (Schmidt et al.,  1997,  2001;  Brandriss  et al.,  1998). An important 
feature of silica maturation is that it may not always visibly alter the diatom frustule and so can 
not be assessed through light microscopy or SEM. If significant silica maturation had occurred 
in any of the samples analysed here, it would be expected that any isotope alteration would be 
similar across both size fractions and therefore would not lead to any isotope offsets. However,
66/205no investigation has yet considered whether inter- and/or intra-species variations occur in the 
magnitude of 8,8Od»tom  secondary isotope exchange. As such, and as also considered in Chapter 
2, it is conceivable that the large 8l8Od»tom offsets may reflect inter- and/or intra-species variation 
in silica maturation. It is notable, though, that the direction of the offsets varies throughout the 
interval  with  no one  size  fraction  constantly  higher or  lower relative to the  other  (Fig.  16). 
Given that the species biovolume composition of the two size fractions does not vary markedly 
during these changes from one size fraction being isotopically enriched in  ,80  relative to the 
other,  it  seems  unlikely  that  silica  maturation,  particularly  inter-species  variations  in  silica 
maturation, are exerting a dominant control on the 8,8O diatom  offsets (Fig.  16). Although the role 
of silica maturation can not be conclusively ruled out, based on existing studies and the current 
absence of evidence for inter- and intra-species variations in silica maturation isotope exchange, 
it is reasonable to assume at this current time that silica maturation does not play a significant 
role in causing the 8,80diauwi offsets observed here.
3.4.2.  Non-species effects
3.4.2.1.  Water column variability
As stated in Chapter 2, contemporary evidence from the North Pacific Ocean shows both  C. 
radiatus, which dominates the >100 pm fraction (Fig.  16), and C. marginatus, which comprises 
up to 25% of the biovolume in the three oldest samples of the >100 pm fraction, to have similar 
temporal  fluxes  throughout  the  year  with  peaks  fluxes  in  autumn/early  winter  (Table  6, 
Takahashi, 1986; Takahashi et al., 1996; Onodera etal., 2005; Onodera, per  s. comm 2006). This 
contrasts with the 38-75 pm fraction which is comprised of multiple species which bloom across 
different seasons (Fig.  16; Table 9). For example, while the aforementioned autumn/winter C. 
radiatus  constitutes  on  average  33%  of the  sample  biovolume  in  the  38-75  pm  fraction,  A. 
curvatulus,  contributing  on  average  18%  of the  sample  biovolume,  predominantly  blooms 
during the spring months at Station 50N (Fig. 5; Table 9; Onodera et al., 2005). In addition T. 
gravida,  T.  trifulta and other less common species present in the 38-75  pm fraction bloom in 
large populations across a number of different seasons (Table 9; Onodera et al., 2005).
With  a number of different  species  contributing  to  the  sample  biovolumes  in the  38-75  pm 
fraction, the 8,8O diatom  offsets may be partially explained by temporal variations  in the flux of 
individual taxa blooms (i.e., a seasonality effect). SST in the region today are c. 8°C warmer in 
late summer/autumn than spring (Fig. 6) (Locamini et al., 2005). As such, when using a diatom- 
temperature coefficient of -0.2%o/°C, a 1.6%o offset would exist if all diatoms in the 38-75 pm 
fraction  bloomed  in  spring  and  if  all  diatoms  in  the  >100  pm  fraction  bloomed  in 
summer/autumn.  Under a diatom-temperature coefficient of -0.5%o/°C this would increase to 
4.0%o. Such calculations though are crude as taxa can not be solely defined as spring or autumn 
blooming  species.  Determining  the  extent  to  which  temporal  variations  may be  causing  the
67/2055,8Odi«om  offsets can be better estimated by considering the relative biovolumes of individual 
diatom species in each analysed sample in relation to the modem day diatom flux and SST data 
from the region around ODP Site 882. Monthly diatom flux records for all taxa are documented 
in Onodera et al. (2005) from a sediment trap at Station 50N at a depth of 3,260 m (Fig.  5; 
Table 9). SST from 50.5°N, 167.5°E, also close to ODP Site 882, are included in Locamini et al.
(2005)  (Fig.  6).  Using a diatom-temperature coefficient of -0.2%o/°C,  monthly differences  in 
SST  and  diatom  fluxes  would  result  in  a  maximum  offset  of 0.08%o  between  the  two  size 
fractions  with  a  typical,  mean,  offset  of 0.03%o.  Under  a  diatom-temperature  coefficient  of 
-0.5%o/°C,  predicted offsets would increase to  0.2l%o  and 0.07%o respectively.  In both cases 
these expected offsets are significantly less than the RMSE of 0.56%o.
Table 9:  Relative seasonal flux of the dominant taxa in the 38-75  jun fraction at station 50N 
from December 1997 to May 2000 (DJF = December, January, February; MAM = March, April, 
May;  JJA  =  June,  July,  August;  SON  =  September  October,  November).  Flux  data  for  C. 
radiatus is the 75-150 pm flux data from station 50N presented in table 6. Since virtually all C. 
radiatus frustules in the 38-75  pm fraction are broken fragments of larger sized frustules, the 
75-150 pm flux data is likely to be more representative of the samples analysed here. Data from 
Onodera et al. (2005) and Onodera pers. comm. (2006).
Season  A. curvatulus (%)  C. radiatus (%)  T. gravida (%)  T. trifulta group (%)
DJF  17.04  45.69  38.69  18.9
MAM  49.33  24.79  21.19  34.18
JJA  12.4  3.96  6.14  15.2
SON  21.24  25.56  33.98  31.72
Sea Surface Salinity (SSS) in the region today varies by a maximum of 0.36 psu throughout the 
year (Fig.  6 )   (Antonov et al., 2005). At present the  S S S : 6 ,8 0 w « t c r  and consequently SSS:  6 ,8 O d ia to m  
relationship for the surface waters of the North West Pacific Ocean are unknown, preventing its 
inclusion within the above calculations.  However, using published mixing lines for the North 
East  Pacific  Ocean  and  Okhotsk  Sea  (Schmidt  et  al.,  1999;  Yamamoto  et  al.,  2001),  the 
maximum annual  SSS variability of 0.36 psu is equivalent to an annual  5 180   variation in the 
surface waters of 0.13-0.14%o.  If the same mixing lines are corrected to account for temporal 
variations  in diatom fluxes,  similar to  the calculations above, this would lead to a maximum 
offset of only 0.0 l%o between the two size fractions.
A significant assumption of all the above calculations is that modem day diatom, SST and SSS 
data are representative of conditions over the last 200,000 years. Today the North West Pacific 
Ocean is marked by a strong seasonal SST gradient of c.  8°C (Locamini et al., 2005) (Fig. 6), 
which is driven by the year round halocline and seasonal thermocline (see Section 2.2.1). In the
68/205past this large SST gradient could have been significantly reduced in response to a reduction or 
removal  of the  halocline. At present  is  it unclear  whether the  strength  of the  halocline  was 
reduced in the past, see Chapter 4. If it was, expected 5l8O diatom  offsets arising from seasonality 
effects would be lower than those predicted above due to the reduced seasonal SST gradient that 
would be present in a reduced halocline, more mixed water column (see Chapter 4 and Chapter 
5.  Any  change  in  SSS  in  response  to  variations  in  the  halocline  strength  would  also  be 
approximately constant across all months. As such, possible past changes in the monthly SST 
and SSS gradients are not capable of explaining the  61 8 Odiatom  offsets.
Further  issues  not  considered  within  the  above  calculations  included  diatom  depth  habitats 
together  with  associated  changes  in  SSS,  SST  and  8l8O diatofn  at  different  water  depths.  With 
regards to the issue of diatom depth habitats, diatoms primarily bloom and fix their structurally 
bonded oxygen isotope ratios in the -Si-O-Si layer within the photic zone. No information exists 
on  the  depth  of the  photic  zone  at  or  immediately  around  ODP  Site  882.  Estimates  from 
elsewhere in the North Central and North West Pacific Ocean suggest, however, that the photic 
zone likely extends down to c.  50 m (Komuro et al., 2005; Katsuki and Takahashi, 2005).  In 
addition, studies in the North Central Pacific Ocean indicate that the majority of diatom taxa 
live in the upper 50 m of the water column (Katsuki et al., 2003; Katsuki and Takahashi, 2005). 
Measurements of 6,80 W atcr at 49°12'N,  156°2536'E, the closest site to ODP Site 882  for which 
water column 8I80  measurements  exist,  indicate minimal variation of 0.22%o  throughout the 
water column (Schmidt et al.,  1999). The total annual salinity range in the upper 50 m of the 
water column  is also low at 0.45  psu (Antonov et al.,  2005) while the temperature  gradient 
between the surface water and 50 m is negligible, less than 1°C, through most of the year (Fig. 
6) (Locamini et al., 2005). Although a 5-6°C temperature-depth gradient is present from July to 
September, the impact of this on the 51 8 O diatom  offsets is likely to be low given the high relative 
proportion of frustules which will bloom towards the surface where light penetration is higher 
and where vertical differences in the temperature gradient are further reduced (Locamini et al., 
2005).  Indeed,  the  overall  vertical  temperature  gradient  is  smaller  than  the  annual  SST 
variability of 7°C, which was shown above to only explain a minor component of the offsets. 
While it is not possible to properly model the impact of these depth related issues due to the 
absence of sediment trap data from the region recording diatom fluxes at different depths, it is 
likely  that  the  impact of any of these  factors  on the  81 8 O diatom   offsets  is  within the  limits  of 
analytical reproducibility.
Evidence does exists that T.  trifulta and T. gravida are primarily present at a water depth of c. 
100  m  to  c.  200  m  in  the North  Central  Pacific  Ocean  (Katsuki  et al.,  2003;  Katsuki  and 
Takahashi,  2005).  It is unclear,  though,  to what extent these results  are  indicative  of diatom 
habitats at ODP Site 882. At worst, if it is assumed that T. trifulta and T. gravida both precipitate
69/205their frustules at a water depth of 100-200 m, re-calculation of the above models to take into 
account modem temperature and salinity values at these depths suggest that a  mean 5l8Odiato m  
offset of 0.39%o  could exist between the two size fractions when using a diatom-temperature 
coefficient  of c.  -0.2%o/°C.  Again  these “expected” offsets are within the  limits of analytical 
reproducibility for  5 18O diatom-  While the expected offsets do increase to 0.8l%o under a diatom- 
temperature coefficient of c. -0.5%o/°C, this remains less than the observed isotope offsets at all 
but  two  levels  (Table  7).  In  addition,  these  calculated  offsets  are  almost  certainly  an 
overestimate  since a proportion of the  T.  trifulta and  I  gravida frustules will live and bloom 
within the uppermost sections of the water column alongside other taxa, thereby reducing any 
potential habitat offset.
All  of the  above  calculations  in  this  section  contain  significant  assumptions  with  regards  to 
diatom  depth-habitats,  temporal  fluxes  and  past  changes  in  palaeoenvironmental  conditions. 
However,  all results  suggest that the expected 61 8 Odiatom  offsets between the two size fractions 
arising from temporal and spatial variations in individual diatom taxa blooms are less than the 
observed  isotope offsets between the two size  fractions.  Furthermore,  all calculations  suggest 
that the measured 5 18O diatom values should, if anything, be lower in the >100 pm fraction relative 
to the 38-75 pm fraction. This is due to C. radiatus and C. marginatus in the  >100 pm fraction 
primarily blooming  in  autumn/early winter when  SST are  relatively warm,  compared to taxa 
within the 38-75  pm fraction which bloom to a greater extent in spring when SST are cooler. 
Since the majority of the analysed levels (10 out of 15) are marked by higher values in the >100 
pm  fraction  (Fig.  16),  this  reiterates  that  some  other  processes  must  be  controlling  the 
direction/magnitude and occurrence of the offsets.
3 . 4 . 2 . 2 .   Influx of extraneous taxa
Other processes which may cause the isotope offsets include the influx of diatoms from other 
locations with a different 81 8 Ow ater. In particular T. gravida, which contributes between 3% and 
8%  of the  relative  biovolume  to  all  samples  in  the  38-75  pm  fraction,  is  known  at  some 
localities  to  be  a  coastal  taxa.  However,  frustules  of  T.  gravida  found  at  station  50N  in  the 
modem ocean are believed to primarily originate from sub-surface, not coastal, waters (Onodera 
et al.,.  2005).  In addition, as detailed above and shown below in Section 3.4.3, no relationship 
exists between the relative amount of T. gravida in the analysed samples and the magnitude of 
the  5 ,8O diatoITi  offsets.  Even if T. gravida had originated from coastal waters, it is inconceivable 
given its low relative abundance (maximum sample biovolume = 8%) that its presence would be 
sufficient to cause 5 l8O diatom offsets as large as those observed here.
3.4.3.  Diatom isotope species effects
Above  in  Sections 4.1.1  and 4.1.2 the possible impact of sample contamination and temporal
70/205variations in the water column have been shown to not be plausible mechanisms in explaining 
the observed  5 180diatom   offsets. While, depending on the  8 18O ciay  values used, a small number of 
the offsets can be explained by possible non-diatom contamination, a significant majority of the 
analysed levels continue to display large isotope offsets (Fig.  17).  8 18O diatom   data in Chapter 2, 
covering the interval from 2.84-2.57 Ma, provided the first clear evidence that a species effect 
may exist in  8 18O diatom   with large offsets of up to 3.5%o observed between two size fractions of 
diatoms (75-150 pm and >150 pm). As stated in Chapter 2, while these offsets may be better 
described as an isotope vital effect (i.e., non-equilibrium isotope fractionation) the term species 
effect is used since diatom isotope equilibrium in the core sequence remains unknown. With the 
isotope offsets between the two size fractions here in Chapter 3 greater than the RMSE in  14 of 
the  15 analysed levels (Fig.  16, Table 7), the data presented here may provide further evidence 
of a species/vital effect in  8 18O d iatoin -  Although sediment core top studies together with modem 
laboratory and field culturing experiments  are  ideally needed to  confirm this,  in the  sections 
below the 8,8Odiato m  data is examined for any possible evidence of a systematic species or vital 
effect which may be initiating or controlling the observed offsets.
3.4.3.1.  Inter-species effects
In contrast to the offsets observed in Chapter 2 in which 8l8Od ia to m  values in the smaller 75-150 
pm fraction were greater than the >150 pm fraction, in the samples analysed here the direction 
of the  offsets  varies  throughout (Fig.  16).  While  a  size-related  species  effect,  similar to  that 
found  in  Chapter 2,  may play  a part  in  explaining  the  81 8 Od ia to m   offsets  observed  here,  other 
processes/factors  must  also  be  occurring.  No  relationship,  though,  is  apparent  between 
individual  diatom  species  biovolumes  and  the  81 8 Od ia to m   offsets  (Fig.  18).  In  addition,  no 
significant improvement in this relationship can be obtained through any combination of linear 
or  non-linear  regression  models.  This  is  surprising  as  an  inter-species  effect  would  be  a 
plausible mechanism by which to explain the frequent changes in the direction of the isotope 
offsets  through the  analysed  interval  (Fig.  16).  Identifying any  inter-species  effect,  however, 
may be complicated by the presence of a size effect, similar to that found in Chapter 2, which 
could  be  acting  to  obscure  any  inter-species  signal.  In  addition,  difficulties  in  generating 
accurate diatom biovolume measurements may also be preventing detection of any inter-species 
effect.
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Figure 18: Relationship between differences in diatom species relative biovolumes and 5I80, 18,
offsets  between  the  two  size  fractions  (>100  pm  fraction  minus  38-75  pm  fraction)  for  C. 
radiatus,  T.  trifulta, A.  curvatulus and  T. gravida (p = 0.84,  0.98, 0.73  and 0.20 respectively). 
Error bars on the 81 8 O diatom  offsets are the RMSE of 0.56%o.
Obtaining  accurate  diatom biovolume  measurements  is  a prominent  issue  of discussion  (see 
review in Hillebrand et al.,  1999).  Within the context of 5,8Odiato m  measurements, even greater 
uncertainty  surrounds  the  impact  of  the  pre-fluorination  outgassing  stage  on  species 
biovolumes.  All  bio  volumes  measurements,  whether  calculated  under  light-microscopy  or 
otherwise,  are  derived  from  the  purified  unreacted  sample.  The  pre-fluorination  stage  of 
§1 8 O diatom  analysis,  however, removes the hydroxyl layer of the diatom, which can represent a 
considerable  proportion,  up  to  c.  30-35%,  of the  total  diatom  biovolume.  Currently,  it  is 
assumed that the relative size of the hydroxyl layer is constant between and within individual 
taxa. However, any variation in this would alter the relative species biovolume measurements of 
a given sample and potentially lead to the loss of any inter-species effect signal.
During the fluorination process,  a fluorination yield is calculated from the amount of oxygen 
actually  converted  into  C02   relative  to  the  amount  of gas  that  would  be  expected  from  the 
equivalent weight of pure diatom Si02  initially placed into the fluorination line, assuming no
72/205loss of oxygen in the pre-fluorination stage.  With levels of contamination low in the  samples 
analysed here, fluorination yields can be interpreted as being representative of hydroxyl layer 
thickness and as such biovolume loss during the pre-fluorination stage. Yield values are 64.4% 
for the 38-75 pm fraction and 69.3% for the >100 pm fraction. While the variability within each 
size  fraction  is  large  at  3.3%  and  3.7%  (la)  for  the  38-75  pm  and  >100  pm  fractions 
respectively, this is of a similar magnitude to the 3.0% reproducibility achieved with BFCm o d , 
the NIGL within-run laboratory diatom standard. A paired Wilcoxon signed rank test indicates 
significant differences between yield values for the two size fractions with larger relative -Si-O- 
Si layers in the >100 pm fraction (p < 0.001). This is marked by a weak relationship between 
the  relative  differences  in  C.  radiatus  and  fluorination  yield  values  between  the  two  size 
fractions (Fig. 19).
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Figure  19:  Relationship between the relative difference in  C.  radiatus and fluorination yields 
between the two size fractions (>100 pm minus 38-75 pm fraction).
While the evidence is not conclusive, the weak relationship between C. radiatus and fluorination 
yields  raises  the  possibility  that  fluorination  yields  are  species  dependent.  In  Chapter  2,  all 
variations  in  fluorination  yields  between  the  two  size  fractions  were  within  the  limits  of 
analytical  reproducibility.  To  date  no other study has  investigated the  existence  of inter-  and 
intra-species variations in diatom fluorination yields. However, consideration of species specific 
biovolume loss during the pre-fluorination out-gassing stage may be crucial for obtaining the 
accurate biovolume data needed to further investigate and detect possible inter-species effects in 
5 ,8O diatom-  Until then, it remains problematic to  investigate the issue of inter-species effects in
6   Odiatom-
73/2053.4.3.2.  Nutrient species effect
One further process which may lead to offsets  in  5 18O diatom  involves changes in surface water 
nutrient limitation/availability, both of which can have significant impacts on diatom physiology 
(see reviews  in Martin-Jezequel et al.  ( 2 0 0 0 )   and Ragueneau et al.  ( 2 0 0 0 ,  2 0 0 6 ) ) .  Today the 
region around ODP Site  8 8 2   is marked by a strong halocline at c.  1 5 0   m which, significantly 
limits the supply of nutrient to the photic  zone (Tabata,  1 9 7 5 ;  Gargett,  1 9 9 1 ) .  An absence  or 
reduction in the halocline would alter this allowing upwelling of nutrient rich deep water to the 
surface.  To date, relatively few studies have reconstructed palaeoceanographic conditions and 
the presence/absence of the halocline over the last 2 0 0  kyr BR The halocline has been shown to 
have  first  developed  at  c.  2 .7 3   Ma  with  suggestions  that  stratification  may  have  continued 
uninterrupted from this date (see Chapter 4   and Haug et al.,  2 0 0 5 ) .  Indeed, most studies argue 
for an enhanced halocline during the last glacial, based on foraminifera stable isotopes (Keigwin 
et al.,  1 9 9 2 ) ,  diatom assemblage (Sancetta,  1 9 8 3 ) ,  biogenic barium (Jaccard et al.,  2 0 0 5 )   and 
nitrogen isotope data (Brunelle et al.,  2 0 0 7 ) .  Other evidence,  however, based on foraminifera 
stable  isotope,  assemblage  counts  and  Mg/Ca  ratios  argues  for a more  mixed  water  column 
during the  last glacial with the modem halocline becoming re-established at  1 1 .1 - 9 .3   kyr BP 
(Samthein et al., 2 0 0 4 ;   2 0 0 6 ) .   Regardless of whether a halocline did or did not exist in the past, 
no link is apparent between sample ages and changes in the magnitude/direction of the 81 8 Odiato m  
offsets (Fig.  1 6 ) . For example, glacial aged samples (which may or may not be associated with a 
reduced halocline)  can  not be  related  to  larger/smaller offsets  or one  size  fraction  having  a 
higher S^O^om relative to the other. Furthermore, the magnitude and direction of the offsets are 
not related to any changes in stratification state reconstructed in Chapter 5 .
Issues of stratification and associated changes in the supply of nitrate, silicate and phosphate to 
the photic zone, however, may not be the most important variables with regards to changes in 
diatom physiology. Today large sections of the North Pacific Ocean are Fe limited with respect 
to diatom growth (Harrison et al.,  1 9 9 9 ; Tsuda et al., 2 0 0 3 ;  Yuan and Zhang, 2 0 0 6 ) .  The impact 
of increased  Fe  availability  on  diatoms  is  well  documented  with  Fe  limitation  leading  to 
increases in cell Si:N and Si:C ratios and decreases in diatom growth rates (see Hutchins and 
Bruland  ( 1 9 9 8 ) ;   Takeda  ( 1 9 9 8 )   and  reviews  in  de  Baar  et al.  ( 2 0 0 5 )   and  Ragueneau  et  al. 
( 2 0 0 6 ) ) .  Despite  this,  the  impact  of changes  in  Fe  availability  on  5 l8O diatom  has  yet  to  be 
investigated.  Previous  work,  however,  has  suggested  that  6 l8O djatom  may  be  influenced  by 
changes  in  diatom  growth  rates  with  less  isotope  fractionation  occurring  in  fast-growing 
diatoms  (Schmidt  et  al.,  2 0 0 1 ) .  While  changes  in  diatom  growth  rates,  in  response  to 
increased/decreased Fe deposition, would be expected to be constant across both the  3 8 - 7 5   pm 
and > 1 0 0  pm fractions, in Chapter 2  it was questioned whether the diatom isotope growth effect 
could influence larger frustules to a greater extent than smaller frustules.  Fe deposition to the
74/205open North  Pacific  Ocean primarily occurs  via aeolian  transportation  from  the  Badain  Juran 
Desert (Duce and Tindale, 1991; Jickells et al., 2005; Yuan and Zhang, 2006). However, similar 
to results in Chapter 2, no clear link exists between the magnitude or direction of the 51 8 Odiato m  
offsets and changes in aeolian/dust deposition to the North Pacific Ocean (Hovan et al.,  1991; 
Kawahata et al., 2000). Likewise, no link exists between the isotope offsets and changes in the 
accumulation of aeolian deposits at the Chinese Loess Plateau (Sun and An, 2005). As such, it is 
unlikely  that  issues  of Fe  fertilisation  and  Fe  induced  changes  in  diatom  growth  rates  are  a 
dominant factor in explaining the 61 8 O diatom  offsets.
3.4.4.  Explaining the isotope offsets
Above, a number of issues have been examined in an attempt to understand the processes which 
are leading to the 51 8 O diatom  offsets between the two size fractions. However, it is not possible to 
conclusively  explain  the  offsets  based  on  the  data  currently  available.  The  majority  of the 
5l8O diatom  offsets in Chapter 2 were attributed to a size-related species effect. A major difference 
between  the  results  in  Chapter 2  and  the  offsets  shown  here  in  Chapter  3  are  the  frequent 
changes in the direction of the 8l8O diatom  offsets over the last 200 kyr (Fig.  16). In addition here, 
the majority of the analysed levels contain higher 81 8 Odiato m  values in the larger >100 pm fraction 
relative to the smaller 38-75 pm fraction. In contrast, results in Chapter 2 are marked by higher 
isotope  values  in the  smaller 75-150  pm fraction relative to  the  larger >150  pm fraction. As 
such,  if a size-related  species  effect  is  operating  here,  it  is  likely  to  be  different to  the  one 
identified in Chapter 2. The large changes in the direction of the isotope offsets here in Chapter 
3, also make it likely that some additional process is operating to control the 51 8 O diatom  offsets. 
On  the  one  hand,  it  is  possible  that  the  processes  contributing  to  the  81 8 O diatom   offsets  are 
different over each of the two time intervals. Alternatively it is plausible that the mechanisms 
behind the  offsets  are the  same  over both  intervals,  but that the  relative  importance  of each 
mechanism has changed. Such a scenario, one of multiple processes including a combination of 
inter-  and  intra-species  effects,  the  relative  importance  of which  can  vary  with  changes  in 
surface  water palaeoenvironmental  conditions  and nutrient  availability,  would be  particularly 
well  suited  for  explaining  the  large  changes  in  the  direction  and  magnitude  of the  51 8 Odiato m  
offsets over the last 200 kyr BP.
At present  it is not possible to conclude further as to what the potential process or processes 
controlling  the  isotope  offsets  may  be.  As  such,  it  is  feasible  that  the  8l8Odiato m   offset  are 
controlled  by  a  combination  of inter-species,  intra-species,  size  and  nutrient-related  species 
effects  in addition  to possible  inter-  and  intra-species  variations  in  diatom  secondary  isotope 
exchange.  While  it  seems  likely  that  a  species/vital  effect  exists  in  51 8 Odiatom ,  further 
investigation here is hampered by the problems in deriving accurate species biovolume data and 
by a lack of contemporary information on the systematics of oxygen isotope fractionation and
75/205uptake by diatoms. Furthermore, the operation of multiple processes may be blurring evidence 
for their existence, particularly if the relative  importance of any single process can vary over 
time.  Clearly  though,  the  presence  of large  8 18O diatom  offsets  between  different  samples  has 
significant  implications  for the  future  use  of 8 18Odiat0m  in  palaeoceanographic  reconstructions, 
requiring that future samples be comprised of only a single taxa over a finite size range. Due to 
this, all 81  ^diatom samples analysed and used for palaeoceanographic reconstructions in Chapter 
4 and 5 will be as mono-species and size specific as possible with samples dominated at most by 
only two taxa. Although calculations here indicate that seasonality effects have only a minimal 
impact  on  S^Odiatom  (Section  3.4.2.1),  to  eliminate  any  uncertainty  samples  containing  taxa 
which predominantly bloom across a number of different seasons will not be analysed or used 
for reconstructive purposes.
3.5.  Conclusions
An urgent need exists for studies on sediment core tops and laboratory culture experiments in 
order to further investigate the existence of inter- and intra-species effects and other processes 
which cause isotope offsets in S^Odiatom-  Such work is essential if the mechanisms causing the 
offsets described here and in Chapter 2 are to be constrained. At present, uncertainty over these 
offsets  casts  doubt  over  the  validity  of any  quantitative  Sl8Odiato m   reconstruction  in  marine 
sediment  cores.  However,  as  long  as  the  isotope  shift  between  samples  in  a  stratigraphical 
sequence are sufficiently large as to rule out any species effects (maximum offset in Chapters 2 
and  3  is  3.5l%o),  8 180 d iatom  remains  suitable  for providing valuable qualitative  information  on 
palaeoenvironmental and palaeoceanographic events. While further work on vital/species effects 
in 8,8Odiato m  is primarily needed in marine systems, work should also address the potential for 
similar  effects  to  occur  in  lacustrine  diatoms.  This  is  important  given  the  increasing  use  of 
S^Odiatom in freshwater systems over the last decade (see Table 4 and review in Leng and Barker
(2006)).
76/205Chapter 4: Palaeoceanographic  reconstruction  of  the  Northern  Hemisphere 
Glaciation in the North West Pacific Ocean (2.85-2.39 Ma)
4.1.  Introduction
The onset of major Northern Hemisphere Glaciation (NHG), marking the large-scale expansion 
of ice sheets from c. 2.75 Ma, represents a significant climate transition during the prolonged 
period of global cooling initiated with the late Miocene glaciations of the Northern Hemisphere 
(Zachos et al., 2001; Kleiven et al., 2002; Ravelo et al. 2004; Bartoli et al., 2005).  In turn, the 
onset of major NHG can be viewed as the beginning of a series of significant climatic changes 
which culminated with the intensification of the Walker circulation at c.  2.0 Ma and the Mid 
Pleistocene Revolution at c. 0.9 Ma (Ravelo et al. 2004). While the occurrence of the NHG is 
well  documented,  the  precise  mechanisms  behind  its  initiation  remain  uncertain  with  lower 
summer isolation at 65°N, related to changes in obliquity from c. 3.2 Ma and precession from c.
2.8  Ma (Haug and Tiedemann,  1998; Li et al.,  1998; Maslin et al.,  1998), unable alone to force 
the growth of glaciers across the Northern Hemisphere. Uplift and subsequent tectonic induced 
chemical weathering of the Tibetan/Himalayan plateau (Ruddiman and Raymo,  1988; Raymo, 
1994) and increased volcanic activity in the Kamchatka-Kurile and Aleutian arcs (Prueher and 
Rea, 2001) have all been proposed, in conjunction with changes in summer isolation, to explain 
the establishment of cooler conditions.
In addition to climatic cooling, an essential prerequisite for the development and maintenance of 
glaciers in the Northern Hemisphere is a significant increase in the supply of moisture to the ice 
sheets.  The  most  viable  mechanism  to  provide  this  to  Eurasia  is  through  the  closure  of the 
Panama gateway which began from 4.6 Ma and culminated with a significant increase in SST 
and decrease in SSS within the Caribbean at 2.95-2.82 Ma (Haug and Tiedemann,  1998; Haug 
et al., 2001; Lear et al., 2003; Bartoli et al., 2005;  Schneider et al., 2006;  Steph et al., 2006). 
This  resulted  in  a  strengthening  of  the  Gulf  Stream  which,  through  a  series  of 
oceanic/atmospheric feedback systems, initiated an increase in the supply of moisture to Eurasia 
(ibid).  However,  while  these  transitions  would  have  been  sufficient  to  result  in  significant 
glacial advances across the Eurasian region (ibid), they do not resolve how increased moisture 
was delivered to the Alaskan and North American ice sheets over the same time interval.
To date, the role of the subarctic Pacific Ocean across the onset of major NHG has been largely 
ignored,  despite  the  important  role  of the  region  today  in  providing  moisture  to  Northern 
America (e.g.  Koster et al.,  1986; Bosilovich, 2002).  ODP Site 882 in the North West Pacific 
Ocean  (Fig.  5)  provides  the  first  detailed palaeoclimatic  record  of the  region  from the  late 
Miocene onwards, enabling key insights into the system both before, during and after beginning 
of NHG (Rea et al., 1995). Prior to the onset of major NHG in the region at 2.73 Ma, high, c. 70 
g cm'2  kyr'1 ,  opal concentrations  are recorded in the  sediment at ODP Site  882  (Haug  et al.,
77/2051999).  The  supply of high nutrient concentration necessary for this can only be  achieved by 
significant  upwelling  of nutrient  rich  NPDW  to  the  photic  zone,  suggesting  the  lack  of a 
stratified  system  prior  to  2.73  Ma  (Haug  et  al.,  1999).  Such  a  scenario  of  high  opal 
concentrations is not feasible in the modem ocean with the halocline restricting the supply of 
NPDW to the mixed surface layer (Fig. 5). The development of the modem halocline system at 
ODP Site 882 has therefore previously been related to the intensification of NHG at 2.73  Ma 
when opal Mass Accumulation Rates (MAR) decreased three-fold (Haug et al., 1999).
However,  if the region had become  stratified at the  onset of NHG,  autumn/early winter  SST 
would be expected to increase, despite globally cooler conditions, due to development of both 
the halocline and thermocline temperature inversion. The presence of both these oceanographic 
features  today  leads  to  unusually  warm  SST  between  June/July  and  December  of c.  10°C 
(Locamini et al., 2005) (Fig.  6). Without the presence of a halocline driven stratification, the 
build up and maintenance of a warm pool of surface water would be untenable both today and in 
the past due to the strong vertical mixing that would occur between the surface and subsurface 
layers.  On  this  basis,  the  above  suggestion  that  the  modem  halocline  system  in  the  region 
developed at c. 2.73 Ma (Haug et al., 1999; Sigman et al., 2004) is disputed by the presence of a 
7.5°C cooling signal in 51 8 Oforam  between 2.75 Ma and 2.73 Ma (Maslin et al., 1995b; 1996).
In order to resolve these conflicting lines of evidence over the nature of the palaeoceanographic 
system in the North West Pacific Ocean and to establish whether or not the modem halocline 
system developed at the onset of major NHG, a record of autumn changes in SSS and SST are 
required. One potential source of information for this purpose are records of 51 8 0  from autumn 
blooming diatom taxa.  Here 51 8 Odiatom  is analysed in pure diatom samples from ODP Site 882, 
which are dominated by only two  species:  C.  marginatus and C.  radiatus.  With both  species 
primarily blooming during autumn/early winter, records of 8 18O diatom,  in conjunction with  U k37 
data (Haug  et al.,  2005), provide clear and reliable  information as to the palaeoceanographic 
conditions in the region during the autumn/early winter months. By combining the two records 
with a benthic 51 8 Of0 ram  record (Haug,  1995), changes in SSS are calculated from 2.85  Ma  to
2.39  Ma to provide definitive evidence of a significant decrease in SSS at 2.73  Ma, which is 
consistent with the development of a halocline stratification system in the region.
4.2.  Methodology
Sediment  samples  were  collected  from  the  North  West  Pacific  Ocean,  ODP  Site  882  (see 
Chapter  2  and  Figure  6).  Sample  ages  within  this  chapter  are  based  on  a  high  resolution, 
astronomical  calibrated,  GRAPE  density  and  magnetic  susceptibility  age  model  with  linear 
interpolation  of sedimentation  rates  used  between  tie-points  (Tiedemann  and  Haug,  1995). 
Samples were prepared and analysed for 5 18O diatom using the methodology detailed in Chapter 2
78/205with  the  75-150  pm  fraction  retained  for  isotope  analysis  and used  for palaeoenvironmental 
reconstructions.  Numbers  of large,  >150  pm,  diatoms  are  generally  restricted  to  the  interval 
prior to 2.74 Ma and so are not suitable for obtaining palaeoceanographic information over the 
onset  of major  NHG  at  2.73  Ma.  Similarly,  size  fractions  smaller  than  <75  pm  were  not 
considered  for  isotope  analysis  due  to  the  multitude  of different  taxa within  this  size  range 
which, based on Chapters 2 and 3, may contain vital/species effects. As in Chapter 2, SPT was 
not required to clean/purify the samples due to the large size of the diatom frustules in the 75- 
150 pm fraction, relative to the smaller size of clays, silts and other non-diatom contaminants (c. 
2  pm  to  75  pm).  Instead,  other cleaning  stages,  in particularly the  individual  sieving  stages, 
were sufficient to remove all non-diatom contamination.
4.3.  Results
Forty samples in the 75-150 pm fraction were extracted for isotope analysis. Replicate analyses 
of sample  material  indicated  a  mean  51 8 O diatom   reproducibility  of 0.44%o  in  the  75-150  pm 
fraction  over this  interval.  Due  to  the  reduced  numbers  of diatoms  in  the  sediment  and  the 
increased  difficulty  in  purifying  diatoms  of contaminant  material,  only  a  limited  number  of 
samples cover the period after 2.63  Ma.  Between 2.85 Ma and 2.73  Ma, diatom assemblages 
were dominated by 60 - 99% relative percent abundance of C.  marginatus with the remainder 
principally made up  of C.  radiatus  (Fig.  20a). After 2.73  Ma,  the relative  abundances  of C. 
radiatus and C. marginatus are reversed except for five samples between 2.69 Ma and 2.57 Ma 
where  the  proportion  of other  species  increases  to  over 40%  relative  abundance  (Fig.  20a). 
Calculation of diatom species biovolumes, however, shows the influence of these other species 
to be minimal, constituting on average less than 2.2% of the total volume of silica analysed for 
S1 8 O diatom  (Fig. 20b). This highlights the importance of calculating diatom biovolumes rather than 
percent abundances when analysing 61 8 O diatom - All analysed samples, with the exception of one 
sample at 2.42 Ma, were over 96% free of non-diatom material with over half of all samples at 
least 99% pure (Fig.  9, 20c).
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Figure 20: A) Diatom species relative abundance in samples analysed for 8,8O diatom  between 2.85 
Ma  and  2.39  Ma.  B)  Relative  diatom  species  biovolumes  in  purified  samples  analysed  for 
S l8O diatom-  C )  Sample purity, percentage of diatom material relative to all other material.
8l8Od ia to m  in the 75-150 pm fraction displays fluctuations between 43.4%o and 44.8%o from 2.83 
Ma to 2.74 Ma following an initial increase of 1.5%o between 2.85 Ma and 2.83 Ma (Fig. 21). At
2.73  Ma,  5,8O diatom   decreases by 4.6%o before  2.71  Ma. A rapid  1.7%o  increase  in  5l8Od ia u > m   is 
observed  over  the  next  c.  2,000  years  before  values  decrease  to  38%o  at  2.70  Ma.  Sharp 
oscillations  of c.  8% o  characterise  the  81 8 Od ia to m  record between  2.70  Ma and  2.64  Ma before 
5l8O diatom  becomes more positive from 37.1%o to 42.6%o over the subsequent c. 86,000 years with 
a short-lived peak in 61 8 0diau>ni at 2.59 Ma. Sample resolution decreases after this interval, due to 
the difficulties in obtaining sufficient clean diatom material, with 81 8 O diatom  decreasing by 7.7%o 
to 34.9%, at 2.39 Ma.
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Figure 21:  (values relative to V-SMOW) with calculated SSS (relative to a SSS of 0 at 2.73  Ma (see Section 4.4.2)), Uk3 7  reconstructed SST
(Haug et al., 2005), planktonic 5l8Oforam  (Maslin et al.,  1995b;  1996), IRD (Magnetic Susceptibility) (Haug,  1995), opal concentrations and MAR 
(Haug,  1995; Haug et al.,  1999) and July isolation at 65°N  (Berger and Loutre,  1991). Warming and freshening of surface waters from c.  2.73 
Ma is indicated by decreases in  SSS and opal MAR and increases in SST and IRD (shaded).  Error bars on  represent the mean
analytical reproducibility of 0.44%o.  Calculated SSS assumes a S^^^-tem perature coefficient of -0.2%o/°C (Brandriss et al.,  1998; Moschen et 
al., 2005). The range of SSS values reflects the uncertainty over the exact SSS:5lsO relationship (see Section 4.4.2).4.4.  Discussion
4.4.1. Reliability of the isotope record
As in Chapter 2, consideration is required towards the factors which may prevent the use of the 
5l8Odiato m  ratios obtained here from being used for palaeoenvironmental reconstructions. These 
include  sample  purity,  seasonal  dilution  of  81 8 Odiatom   (seasonality  effects),  the  influence  of 
vital/species effects and the presence of secondary isotope exchanges.
4.4.1.1. Sample purity and seasonality effects
Sample purity has been demonstrated in Chapter 2 (Fig. 8, 9) and is reiterated here in Figure 20. 
Of the 40 51 8 O diatom  samples presented within this  chapter,  25  have  a matching >150  pm  size 
fraction and were used in Chapter 2 to demonstrate the possible presence of a species effect in 
81 8 O diatom -  Sample  contamination within the  additional  15  samples presented here for the  first 
time in this thesis is no different to the 25  5 18O diatom  samples first presented in Chapter 2 (Fig. 
20).  Diatom  biovolume  measurements  shows  the  5 18O diatom  signal  measured  here  to  originate 
from only two diatom taxa:  C.  marginatus and C.  radiatus (Fig.  20). As  outlined  in previous 
chapters, evidence from  across the North Pacific Ocean indicates that peak fluxes of both  C. 
marginatus and C.  radiatus occur together in autumn/early winter (Takahashi,  1986; Takahashi 
et  al.,  1996;  Onodera,  et  al.,  2005;  Takahashi  and  Onodera, per  s.  comm.  2006)  (Table  6). 
Consequently, as demonstrated in Chapter 2 and 3, isotope related seasonality effects are not an 
issue with these samples. Although the sediment trap data at Station 50N indicates that fluxes of 
75-150  pm  C.  marginatus  and  C.  radiatus  frustules  peak  in  early/mid  winter  rather  than 
autumn/early winter (Table 6; Onodera et al., 2005), this is almost certainly attributable to the 
unusually strong El Nino and La Nino conditions which persisted over the monitoring interval 
from  1997  to  1999  and  which  delayed  the  main  annual  flux  of these  taxa  at  Station  50N 
(Takahashi  and  Onodera,  per  s.  comm.  2006).  As  such,  the  exact  timing  of  the  main  C. 
marginatus and C. radiatus blooms recorded at Station 5 ON are not reflective of typical normal 
conditions in the region (Takahashi and Onodera, pers. comm. 2006). However, based on other 
studies which clearly indicate that C. marginatus and C. radiatus predominantly bloom together 
in the North Pacific Ocean during autumn/early winter months, (Takahashi,  1986; Takahashi et 
al.,  1996; Onodera, etal., 2005; Takahashi and Onodera, pers. comm. 2006), the 5 18O diatom signal 
analysed  here  in  the  75-150  pm  fraction  can  still  be  assumed  to  be  representative  of 
autumn/early winter conditions.
4.4.1.2. Species effects
As shown in Chapter 2, evidence exists that vital/species effect may be present in 8 18O diatom.  The 
presence of size effects can be partially ruled out by only analysing diatoms from the 75-150 pm 
fraction. While the size range would ideally be smaller to further reduce the risk of a size effect
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of diatoms for isotope analysis. With regards to possible inter-species effects, although the 75- 
150  pm  fraction  is  marked by  a  large  shift  in  species  bio  volume  from  C.  marginatus  to  C. 
radiatus (Fig.  20b), this occurs much later at 2.71  Ma (102.66 meters below sea floor [mbsf]) 
than  the  4.6%o  decreases  in  5 18O diatom  at 2.73  Ma  (102.99  mbsf).  In addition,  further  shifts  in 
51 8 Odiato m  of 5-10%o elsewhere in the analysed section after 2.70 Ma do not coincide with large 
changes  in  the diatom biovolumes  (Fig.  20b,  21).  Consequently,  while a vital/species  effects 
may be partially influencing some of the 81 8 O diatom  stratigraphical shift between samples, almost 
all of the change in 5 l8O diatom is likely to be independent of any species/vital effect signal. This is 
particularly true during the 4.6%o decrease in 5I8O diatom  at 2.73 Ma and the 5-10%o fluctuations in 
81 8 Od ia to m   after  2.70  Ma,  which  are  significant  greater  than  the  mean  1.23%o  isotope  offsets 
observed in Chapter 2 over approximately the same time interval. In order to avoid any errors, 
however, no detailed attempt can be made to interpret the minor fluctuation in 51 8 Odiato m  prior to
2.73  Ma when 81 8 O diatom  varies by only 1.4%o from 43.4%o to 44.8%o.
4.4.1.3.  Silica maturation/secondary isotope exchanges
As described in previous chapters, a significant issue around the use of 5l8Odiatom  stems from the 
occurrence of secondary isotope exchanges during sedimentation and burial within the sediment 
(Brandriss et al.  1998; Schmidt et al.  1997, 2001; Moschen et al., 2006). The exact operation of 
these  processes  remains  uncertain,  but  appear  related  to  silica  maturation  in  the  surface 
sediments or at the sediment-water interface. As detailed in Chapter 1, during silica maturation 
isotopically heavier 1 8 0  in the outer hydroxyl layer of the diatom forms -Si-O-Si linkages which 
act  to  increase  the  51 8 0   composition  of the  analysed  -Si-O-Si  layer  of the  diatom  frustule 
(Schmidt  et  al.  1997;  2001;  Moschen  et  al.,  2006).  As  such,  measured  S^Odiatom  reflects  a 
weighted linear combination of the pre-silica maturation -Si-O-Si layer (81 8 0.S i-o-si) and the -Si- 
O-Si linkages formed during silica maturation after dehydroxylation (5l8Odehydroxyi):
8 ,8O diatom  =   8 180  -Si-O-Si  8   Odehydroxyl
(Eq. 20)
In turn, the isotope composition of 8 l8O dchydroxyi  will be a function of the isotope  fractionation, 
governed by the fractionation factor  that occurs between the pre-dehydroxylation -Si-OH 
layer (8l80 .Si-oH) and the dehydroxyl component of the -Si-O-Si layer:
8 18Odehydroxyl  = / [ 8 ' 80-Si-O H ]
(Eq. 21)
Since the  isotope composition of 8180-si-oH will reflect the  8180  of the water it last came into 
contact  with,  8180.Si-oH   at  the  time  of  silica  maturation  will  reflect  either  8 l8O bottomwater  or 
81 8 Op0rew ater or a combination of the two. Based on this, several lines of evidence can be found to
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diatoms analysed here.
Firstly,  diatoms  in  the  75-150  pm  fraction  are  dominated  by  only  two  taxa.  At  present,  no 
evidence  exists  to  suggest  that  inter-  and  intra-species  variations  exist  in  the  magnitude  of 
secondary  isotope  exchange  in  diatoms,  i.e.,  the  fractionation  factor  “/ ’  is  constant. 
Consequently,  any  silica  maturation  effect  should  be  consistent  across  all  analysed  samples, 
allowing 5 18O diatom to still be used in quantitative palaeoceanographic reconstructions. Even if “/ ’ 
does vary between different taxa, since the relative biovolume composition of individual species 
are constant over many of the large changes in  8 18O dia,om  (Fig. 20, 21), it makes it unlikely that 
inter-species variations in silica maturation are controlling changes in 8 l8O diatom-
Secondly, as outlined above, the isotopic composition of 51 8 Odeh y d ro x y i is a function of 5180 .Si-oH,
which in turn is controlled by changes in 5l80bo«om /porew ater- Consequently if silica maturation was
having a significant impact on 5 18O diau>m, and if it is assumed that  is constant or near constant
between different taxa and over time, stratigraphical changes in 51 8 Odiato m  should follow changes
in 51 8 O bottom /porew ater- However, variations in bottom water 81 8 0  across the analysed time interval,
as  recorded by both a local and a stacked benthic  foraminifera record (Maslin  et al.,  1995b;
1996; Shackleton et al., 1995; Lisiecki and Raymo, 2005), are not synchronous with changes in 
sisn
'“'diatom-
Further evidence  to  suggest that issues  of silica maturation  are not  significant  in  controlling 
5 18O diatom are found within other data at O D P  Site 882. Here, as with other studies (see Leng and 
Barker,  2006),  a  strong  correlation  exists  between  changes  in  5 18O diatom  and  other  more 
established  palaeoceanographic  proxies.  For  example,  changes  in  Uk3 7   SST  closely  match 
changes  in  5 18O diatom  (Fig.  21), particularly at 2.73  Ma when 81 8 Odiato m  decreases by 4.6%o  and 
SST  increases  by  7°C  (Haug  et  al.,  2005).  This  suggest  that  a  strong  surface  water 
palaeoceanographic  signal  prevails  in  5 18O dia,0m  and  that  this  signal,  at  the  very  least, 
significantly overrides any possible silica maturation effect.
Finally, it is important to note that while silica maturation has resulted in isotope deviations of 
up to 10%o in laboratory experiments (Schmidt et al.  1997; 2001), many of the isotope shifts in 
8 18O diatom  here  at  O D P   Site  882  (Fig.  21) are  greater than the peak,  in-field,  silica maturation 
effect of 2.5%o  observed by Moschen et al.  (2006).  Consequently, whilst issues of secondary 
isotope exchange can not be completely ruled out, given the above lines of evidence together 
with the extremely well preserved state of the diatom frustules and the lack of any visible signs 
of diagenesis,  the  impact  of secondary  isotope  exchange  on  5 18O diat0m  can be  assumed  to  be 
limited throughout the analysed interval. This,  combined with other evidence in Section 4.4.1
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or seasonality effects, indicates that variations in 51 8 Odiatoni can be interpreted to reflect changes 
in surface water palaeoceanographic conditions over the onset of major NHG.
4.4.2.  Sea Surface Salinity (SSS) reconstruction
In the modem North Pacific Ocean coccoliths primarily calcify during the autumn months with 
a peak flux  in October/November (Ohkouchi  et al.,  1999;  Pagani  et al.,  2002;  Harada et al., 
2006;  Seki  et  al.,  2007).  Recently  published  coccolith  Uk3 7   measurements,  from  Emiliana 
huxleyi,  therefore provide an autumn  SST reconstructions at ODP Site  882 between 2.85  and
2.39  Ma (Fig. 21) (Haug et al., 2005).  Since 5l8Odiato m  also reflects autumn/winter conditions in 
the  photic  zone,  the  two records  can be combined to calculate changes  in  SSS.  The benthic 
S1 8 O foram   record  at  ODP  Site  846  (Shackleton  et al.,  1995)  is  utilised  to  remove  the  6180 Giv 
component  from  6l8Odiatom ,  while  changes  in  SST  are  accounted  for  using  the  previously 
mentioned Uk37 SST record (Haug et al., 2005). While a benthic  6 18O f o ram   record does exist for 
ODP Site 882 (Maslin et al.,  1995b;  1996), the very low resolution nature of this record is not 
suitable for comparison with the 6 18O d iatom  data.
As  outlined  in  Chapter  1,  the  relationship  between  SSS  and  8 18O w ater  may  vary  over time  in 
response  to  changes  in  the  81 8 0   composition  of the  oceanic  and  freshwater  end-members. 
Defining the exact SSS:81 8 0  relationship is complicated by the large range of different estimates 
for the 81 8 0  value  of individual  ice  sheets  (Duplessy  et al.,  2002).  For example,  at the  Last 
Glacial Maximum estimates of 81 8 0  for the Eurasian and North American ice-sheets range from 
-16%o  to  -40%o  and  -28%o  to  -34%o  respectively  (ibid).  To  avoid  making  incorrect 
assumptions, a range of SSS values are reconstructed here in order to account for the fact that 
SSS:81 8 0  may have varied from  1   to 2 over time.  Similar uncertainties also exist over the true 
marine  81 8 Odiatom -temperature coefficient, with estimates ranging from -0.2%o/°C  to  -0.5%o/°C 
(see Chapter 1; Juillet-Leclerc and Labeyrie,  1987; Shemesh et al., 1992; Brandriss et al.,  1998; 
Moschen  et al.,  2005).  To  again  avoid making  any errors,  changes  in  SSS using  a  8 18O d ia t0 m - 
temperature coefficient of -0.2%o/°C  are  displayed in Figure  21  and Figure  22  and primarily 
used  throughout  the  remainder  of the  discussion.  For  clarity,  since  a  81 8 Odiato m -temperature 
coefficient  of -0.5%o/°C  can  not be  ruled  out,  alternative  SSS  calculations  using  this  higher 
coefficient are displayed in Figure 22.
A major assumption of this SSS reconstruction is that the coccoliths (E. huxleyi), C. marginatus 
and C. radiatus all bloom within the same months. In the modem North Pacific Ocean, blooms 
of C.  marginatus and C.  radiatus can continue into the early winter months (Takahashi,  1986; 
Takahashi  et al.,  1996; Onodera,  et al.,  2005) when  SST are lower than during autumn.  This 
introduces an error into the above calculations which can not be fully quantified. However, this
85/205error would act to increase, not decrease, the magnitude of the SSS changes over the analysed 
interval. As such, the reconstructed changes in SSS in Figure 22 should, if anything, be regarded 
as a lower-range estimate of the true salinity changes over this time interval.
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Figure 22:  Calculated changes in SSS in the North West Pacific Ocean from 2.85  Ma to 2.39 
Ma, relative to a SSS of 0 psu at 2.73 Ma, assuming different 81 8 Odiatom-temperature coefficients. 
Since  the  SSS:81 8 0   relationship  may  vary  between  1   and  2,  a  range  of  SSS  values  are 
reconstructed (shaded).
4.4.3.  Onset of meg or NHG at ODP Site 882
5l8O diatom  variations of less than  1.4%o prior to 2.73  Ma suggest the presence of comparatively 
uniform autumn/winter condition in the North West Pacific Ocean (Fig. 21). Stable autumn Uk3 7  
SST reconstructions of below  11°C verify this except from 2.83 Ma to 2.81  Ma when Uk3 7  SST 
indicate  a  2°C  increase  to  13°C  (Haug  et al.,  2005)  while  no  corresponding  shift  occurs  in 
51 8 O diatom  (Fig.  21).  During this interval, calculated SSS therefore appear to have increased by 
0.5-1 psu (Fig. 21, 22). However, the lack of any change in 81 8 Odiato m  during this period may also 
reflect an insensitivity of 5 18O diatom to record small-scale changes in SST. This could be related to 
the  relatively  high  5 ,8O diatom  reproducibility  (up  to  0.44%o  in  some  samples  in  this  study), 
combined with the possibility for 51 8 Odiatom-temperature coefficients to be as low as -0.2%o/°C
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5 18O d iatom   and Uk3 7  SST is within our 0.44%o  8 18O d ia tom   analytical reproducibility.  Consequently, 
minor  shifts  in  SST  recorded  in  61 8 O diatom   may  be  inseparable  from  the  analytical  error. 
Alternatively, as suggested in Section 4.4.1.2, it is possible that the difference between the two 
records is as a result of a small magnitude species effects in 5 l8 O d iatom -
At  the  onset  of major NHG,  2.73  Ma,  5l8Od ia to m   decreases  by  4.6%o  while  Uk 3 7   autumn  SST 
simultaneously increases by 7°C (Haug et al.,  2005), equating to an abrupt SSS freshening of
1.9  psu  under a diatom-temperature  coefficients  of -0.2%o/°C  (Fig.  21).  By  2.70  Ma,  SSS  is 
calculated to have decreased by 2.5  - 5.1  psu relative to conditions at 2.73 Ma (Fig. 21, 22), a 
considerable  change  equivalent  to  the  modem  day  SSS  difference  between  the  North  West 
Pacific Ocean and the Tropical Pacific Ocean (Antonov et al., 2005).  Similar high magnitude 
changes in SSS are also observed when using a diatom-temperature coefficients of -0.5%o/°C 
(Fig. 22). With C. marginatus, C. radiatus and the coccoliths all primarily blooming together in 
the autumn/early winter surface waters, the changes observed here, indicating the development 
of a  low  salinity  pool  of surface  water,  are  entirely  consistent  with  the  development  of a 
halocline  stratification  system  in  the  North  West  Pacific  Ocean  at the  onset  of major NHG 
(Haug et al.,  1999;  Sigman et al., 2004; Haug et al., 2005). The development of warm, rather 
than cold, SST over this time interval (Fig.  21, Haug et al., 2005) can also be attributed to the 
establishment  of the  halocline,  as  the  halocline  would  reduce  NPDW  upwelling  while  also 
reducing the temperature phase/time-lag between the oceans and atmosphere (ibid). This would 
allow the build up  of warm  SST  during the  autumn  months,  resulting  in  a  marked  seasonal 
thermocline similar to that observed in the modem day regional water column (Fig. 6).
Mechanisms for the initiation and development of the halocline in the region have previously 
been investigated by Sigman et al. (2004). This paper, reiterated here by the reconstruction of a 
significant SSS decrease after 2.73 Ma and concordant increase in IRD (Fig. 21), makes it clear 
that freshwater input to the region is a significant factor in causing a stratified system to develop 
in and around ODP Site 882.  Sigman et al.  (2004) conclude, however, that freshwater inputs 
alone are unlikely to be the direct instigator for the development of the stratified system. While 
this  suggests  the  potential  operation  of  some  other  climatic  cooling  or  solar  forcing 
mechanism/feedback system (ibid), it currently remains unknown as to what this initial trigger 
may  have  been.  Model  evidence  raises  the possibility that the  closure  of the Panama Ocean 
gateway,  previously  identified  to  have  increased  moisture  supply  to  Europe  (Haug  and 
Tiedemann,  1998; Haug et al., 2001;  Lear et al.,  2003;  Bartoli et al.,  2005;  Schneider et al., 
2006; Steph et al., 2006), could also have played a significant role by causing a reduction in the 
Pacific Ocean deep water thermohaline circulation (Motoi et al., 2005). The exact mechanisms 
by which this reduction could have  led to  the development of a halocline  in the North West
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upwelling could have led to an initial phase of freshwater build-up in the photic zone, which 
was sufficient to generate an initial stratification system.  Once established, the stratified water 
column  in  the North West Pacific  Ocean would have become self-sustaining through  further 
influxes  of meltwater,  enhancing  and  reinforcing  the  existing  salinity  gradient  between  the 
surface and sub-surface layers (Sigman et al., 2004).
4.4.3.1.  Evidence against halocline stratification at 2.73 Ma
Records  of 5l8Odiatom   and  Uk 37,  in  combination  with  the  opal  MAR  outlined  in  Section  4.1, 
provided  strong  evidence  for  the  development  of a halocline  stratified  water  column  in  the 
region from 2.73 Ma (Fig. 21). However, these interpretations at first sight appear inconsistent 
with a 2.6%o increase in 51 8 Of0 ra m  over the same interval (Maslin et al.,  1995b;  1996), which are 
indicative of significantly cooler conditions and an unstratified water column (see Section 4.1). 
However,  it is highly unlikely that the two planktonic foraminifera species analysed for 5lsO, 
Globigerina  bulloides  and  Neogloboquadrina  pachyderma,  are  reflective  of  autumn/winter 
surface  water conditions  (Maslin et al.,  1995b;  1996).  Sediment trap  studies  from  across  the 
globe  indicate  that  the  81 8 0   composition  of  G.  bulloides  and  N.  pachyderma  is  primarily 
indicative of spring conditions (Kohfeld et al.,  1996; Ganssen and Kroon, 2000; Kuroyanagi et 
al., 2002; Mohiuddin etal., 2002). In particular, nearby sediment trap data at 50°01,N,  165°02'E 
shows these species to be most prevalent in spring, although some fluxes do occur during the 
early winter months (Kuroyanagi et al., 2002). As  such, it is highly likely that the records of 
51 8 O foran, in Maslin et al. (1995b;  1996) are reflective of spring, not autumn, palaeoceanographic 
conditions  at  ODP  Site  882.  Such  a  spring  cooling  trend  in  51 8 Ofo ra m   at  2.73  Ma  is  actually 
consistent  with  what  would be  expected  to  occur  following  the  development  of a halocline 
system.  As  described  above  in  Section  4.4.3,  the  development  of a  stratified  water  column 
would  reduce  the  temperature  phase  lags  between  the  ocean  and  atmosphere  relative  to 
unstratified  state  conditions.  While  this  would  increase  autumn/early  winter  SST,  reduced 
phase-lags  would  also  lower  spring  SST,  causing  an  unusually  large  seasonal  SST  gradient 
similar to that found in the modem day water column around ODP Site 882 (Fig. 6). This spring 
cooling trend would then be further enhanced by the cooler atmospheric conditions that would 
accompany the onset of major NHG, and by spring increases in the delivery of cold freshwater 
and melting icebergs to ODP Site 882 (as indicated by the increase in IRD from c. 2.73 Ma in 
Figure  21).  Verification that the  cooling trend  in 51 8 Of0 ram   is reflective  of and consistent with 
expected spring conditions could be obtained by measuring 61 8 Od ia to m  in spring blooming taxa. 
Spring  blooming  diatom  taxa  are  present  in  the  <75  pm  size  fractions  at  ODP  Site  882. 
However,  these  size fractions  also contain a number of autumn blooming taxa in addition to 
numerous  fragments  of the  larger  C.  marginatus  and  C.  radiatus  frustules  analysed here.  As 
such,  any isotope record would be heavily influenced by both the species effects,  observed in
88/205Chapters 2 and 3, and by a possible seasonality effect.
Further evidence to indicate that the increase in 5l8Oforam  over the onset of major NHG is not 
reflective  of autumn/early winter  surface water conditions  is  found by examining the  depth- 
habitats  of G.  bulloides  and N. pachyderma.  Records  of 5,8O forani are  highly  susceptible  to  a 
species  vertical migration and seasonal position in the water column (Hemleben et al.,  1989; 
Kohfeld  et al.,  1996;  Kuroyanagi  and  Kawahata,  2004).  Studies  in  the North Pacific  Ocean 
indicate that G.  bulloides and N. pachyderma live at a water depth of between 0 m and 300 m 
with  a  strong  peak  between  80  m  and  200  m  for  N.  pachyderma  (Kohfeld  et  al.,  1996; 
Kuroyanagi and Kawahata, 2004). N. pachyderma has also been found at some sites in the North 
Pacific  Ocean  to  occur  entirely  below  the  pycnocline  (Kuroyanagi  and  Kawahata,  2004). 
Consequently, even if the foraminifera's dominant growth season had switched in the past from 
spring  to  autumn,  51 8 Of0 ram   does  not  have  the  potential  to  reflect  conditions  within  the 
autumn/early winter thermocline that today lies at c. 50 m (Fig. 6).
4.4.3.2.  Onset of  NHG palaeoclimatic implications
The  growth  and  establishment  of a  halocline  system  in  the  North  West  Pacific  Ocean  has 
significant implications for our understanding of events at the beginning of NHG. Prior to the 
onset  of major NHG  at  2.73  Ma  when  the  region  was  marked  by  an  open  water  column, 
upwelled nutrient rich NPDW would have ventilated carbon sequestered within the deep ocean 
to the atmosphere (Haug et al.,  1999). The development of a halocline driven water column in 
the region would have  significantly restricted any deep water ventilation. As such, the region 
over the onset of major NHG likely played a significant role in causing globally cooler climatic 
conditions  and  further  permitting  the  growth  of ice  sheets  across  the  Northern  Hemisphere. 
Indeed estimates in Haug et al. (1999) suggest that the development of a stratified system in the 
region could have led to a lowering in atmosphere pC0 2  by as much as 30-40 ppmv.
Evidence here and in Haug et al. (2005) for a warm, c.  17-18°C, pool of surface water from the 
onset of major NHG (Fig. 21), also suggests the region may have acted as a key moisture source 
to the North American ice sheets. This is reinforced by a climate model simulation testing the 
significance of the presence/absence of a halocline in the North West Pacific Ocean (Haug et al.,
2005).  Importantly,  measurements  of 6 18O diatom  indicate  that warm  SST conditions  could have 
prevailed  well  into  the  winter  months.  Consequentially  the  delivery  of large  quantities  of 
moisture to North America could have continued at the time most favourable to glacial advance 
and  snow accumulation.  This, may have been further aided by decreasing SST in the eastern 
tropical  Pacific  Ocean  over  the  same  time  interval,  which  would  have  acted  to  reduce 
temperatures across much of the North American continent (e.g., Huybers and Molnar, 2007).
89/2054.4.3.3. Post 2.73 Ma changes at ODP Site 882
Following the development of the halocline system at 2.73 Ma, large fluctuations in 51 8 Odiato m  
and SSS remain apparent in the sedimentary record, particularly from 2.70 Ma onwards. Given 
the  current  low resolution  nature  of the  5 l8O diatom  record,  however,  it  is unwise  to  make  any 
palaeoceanographic  interpretations  at  this  time  at  to  their  meaning.  Such  large  changes  in 
5 l8O diau,m, however, make it clear that major palaeoceanographic changes must have continued in 
the region after the initial onset of major NHG at 2.73 Ma. While, for example, the 8 18O diatom and 
SSS records  indicate a possible reversal to pre-halocline conditions at 2.65  Ma (Fig.  21), the 
lack  of concordant  changes  in  Uk37  and  opal  MAR  fails  to  support  this  suggestion.  Several 
attempts have been made during the course of this PhD to improve the temporal resolution of 
the  5I8Odiatom  record  after c.  2.70 Ma,  in  order to assess the  stability  of the halocline  and the 
relationship between 5 18O diat0m and Uk3 7  over the glacial-interglacial cycles that follow the initial 
onset  of major  NHG  at  2.73  Ma.  However,  these  attempts  have  so  far  failed  due  to  the 
difficulties in extracting sufficiently clean diatoms for isotope analysis. While at some levels it 
has proven possible to extract clean material, in almost all cases the amount extracted was too 
small for isotope analysis.
4.5. Conclusions
Results  here  provide  the  first  81 8 Odiato m  record across  the  onset  of major NHG.  By analysing 
season  specific  diatom  samples  for 51 8 0,  strong evidence was found to  support claims that a 
halocline  system  developed  in  the  North  West  Pacific  Ocean  from  2.73  Ma.  Confirmed  by 
recently published Uk3 7   data which  indicates  a simultaneous c.  7°C  increase  in SST over the 
same interval, a plausible mechanism now exists by which adequate supplies of moisture could 
have been delivered to the growing North American ice sheets (Haug et al., 2005). The onset of 
stratification further supports claims that the region may have made a significant contribution 
towards lowering atmospheric C02  concentrations by preventing deep water ventilation at  the 
surface  (Haug  et  al.,  1999).  In  contrast  to  the  autumn/early  winter  8 18O diat0m  and  Uk37,  the 
increase  in  planktonic  8 18O f0ram  most  likely  indicates  oceanographic  changes  during  spring 
months. This use of 5 l8O diatom  alongside  8 l8O f0ram  therefore highlights the considerable potential 
that both proxies contain, when utilised together, in aiding our understanding and interpretation 
of past climatic events. Consequently, 5 18O diatom should not be considered solely as an alternative 
measure  of  81 8 0   at  sites  where  foraminifera,  and  other  carbonates,  are  not  present  in  the 
sedimentary record.
9 0 / 2 0 5Chapter 5: Palaeoceanographic  reconstruction  of  changes  in  North  West  Pacific 
Ocean stratification over the last 200 kyr
5.1.  Introduction
Records from Antarctica and Greenland ice-cores indicate significant variations in atmospheric 
concentrations  of  C02   (pC0 2 )  over  glacial-interglacial  cycles.  During  glacials,  in  which 
fluctuations  of up  to  60  ppmv  occur,  concentrations  of atmospheric pC0 2   are  80-100  ppmv 
lower than in interglacials (Anklin et al.,  1997; Petit et al.,  1999). In light of the role of C02  in 
determining global climatic conditions, considerable palaeoclimatic research in recent years has 
been concerned with attempting to understand the processes which lead to these large changes 
over  both  long,  glacial-interglacial,  and  shorter,  millennial,  timescales.  Despite  this,  the 
mechanisms behind these past changes in pC0 2  have yet to fully identified or explained.
One process which may explain a significant proportion of the above changes in atmospheric 
pCOi  is  the  marine  biological  pump  and  associated  export  of organic  matter  into  the  ocean 
interior  (Broecker,  1982  a,b).  Changes  in  the  marine  biological  pump  at both  high  and  low 
latitudes may be significant in modulating atmospheric pC0 2  (e.g.,  Sigman and Haug (2003); 
Marchitto et al. (2007) and references within). Attention to date, though, has primarily focused 
on the role of the biological pump, in combination with other oceanographic processes such as 
changes  in  ocean  circulation  and  Sea  Surface  Temperature  (SST),  in  the  Antarctic  and 
Subantarctic waters of the Southern Ocean (e.g., Francois et al.,  1997; Brzezinski et al., 2002; 
Matsumoto et al., 2002; Sigman et al., 2004). Within this region, the role of the biological pump 
has  been  considered  within  the  modem  day  framework  of  high  nutrient  availability,  Fe 
limitation and significant ventilation of deep water at the surface-atmosphere interface. As such, 
increased Southern Ocean sequestration of atmospheric pC0 2  during glacials has been proposed 
through higher aeolian Fe deposition and associated increases in diatom productivity (Martin, 
1990;  Brzezinski et al., 2002; Matsumoto et al., 2002).  Similarly, increased marine storage of 
carbon  and  reduced  deep  water  ventilation  has  also  been  proposed  through  a  variety  of 
oceanographic  processes  including  extended  sea-ice  cover,  enhanced  stratification  and/or 
decreases  in  deep  water upwelling  (Francois  et al.,  1997;  Moore  et al.,  2000;  Stephens  and 
Keeling, 2000;  Keeling and Stephens, 2001; Keeling and Visbeck, 2001;  Sigman et al.,  1999; 
Sigman and Boyle, 2000, 2001 Sigman etal., 2004; Hillenbrand and Cortese, 2006).
However, whilst some models  support the suggestion that changes  in the Southern Ocean are 
sufficient to explain all or a significant majority of the observed glacial-interglacial and glacial 
variability  in  atmospheric pC0 2   (e.g.,  Stephens  and  Keeling,  2000)  others  suggest  that  the 
region can only explain a proportion of the observed pC0 2  variations (Morales Maqueda and 
Rahmstorf,  2002).  This  was reiterated  in  a review of sediment core palaeoceanographic data 
from across the  Southern Ocean (Kohfeld et al., 2005).  Consequently, in an attempt to better
91/205understand the mechanisms which may control past fluctuations in atmospheric pC0 2, there is a 
need to investigate other aspects of the marine system such as the role of the biological pump 
outside of the Southern Ocean. One of the regions most likely to play an important role within 
this context is the North Pacific Ocean.
5.1.1.  North Pacific Ocean biological pump
Similar to the Southern Ocean much of the North Pacific Ocean is today nutrient limited with 
respect to Fe (Harrison et al.,  1999; Tsuda et al., 2003; Yuan and Zhang, 2006). As described in 
Chapter 2, the North West Pacific Ocean differs significantly from the Southern Ocean by the 
presence of a strong, year round, halocline which limits deep water upwelling and gas-exchange 
at the ocean-atmosphere interface (Tabata,  1975; Gargett,  1991). From a biological perspective, 
stratification in the region also plays an important role in controlling surface water productivity 
by  limiting  the  transportation  of nutrients  from the deep  water to the photic zone  (ibid).  As 
shown in Chapter 4, and references within, the initial development of the halocline in the region 
was linked to the onset of major NHG at 2.73 Ma, resulting in increased moisture supply to the 
North  American  ice  sheets  and  an  overall  net  decrease  in  oceanic  release  of C02   into  the 
atmosphere. While considerable research has and continues to be undertaken over this interval, 
comparatively  little  is  known  about  changes  in  the  North  West  Pacific  Ocean  over  recent 
glacial-interglacial cycles.
Understanding past changes in the halocline and water column stratification in the North West 
Pacific  Ocean  may  be  essential  for  determining  the  palaeoclimatic  role  of  the  region  in 
modulating  atmospheric  pC0 2.  Today,  the  stratified  water  column  acts  as  a  net  sink  of 
atmospheric  C02   (Honda et al.,  2002;  Chierici  et al.,  2006).  The presence  of a mixed water 
column  in  the  past,  however,  would  have  altered  this  by  allowing  significant  upwelling  of 
nutrient and carbon rich deep water to the surface. Depending on the response of the biological 
pump, this could either have caused a significant increase in the oceanic ventilation of C02  to 
the atmosphere or, if the net increase in biological productivity was sufficiently high, resulted in 
an  increased  draw-down  of C02.  Previous  transitions  in  the  regional  water  column  from  a 
stratified to unstratified  ocean  at 2.73  Ma have been estimated to have  lowered atmospheric 
pC0 2  by 30-40 ppmv (Haug et al.,  1999). Consequently it is viable that water column changes 
in  the  opposite  direction  could  also  have  resulted  in  global  atmospheric /?C02   changes  of a 
similar magnitude: sufficient to explain approximately half of the total glacial-interglacial shift 
in atmospheric pC02  (Anklin et al., 1997; Petit et al., 1999).
At present, conflicting evidence exists over the state of the North West Pacific Ocean halocline 
over  the  last  glacial  cycle.  The  majority  of studies,  based  on  isotope,  biogenic  barium  and 
diatom assemblage data, argue for an enhanced halocline (Sancetta,  1983; Keigwin et al., 1992;
92/205Jaccard et al.,  2 0 0 5 ;   Brunelle et al.,  2 0 0 7 ) .   With these studies also indicating minimal changes 
in biological productivity, the role of the North Pacific Ocean in controlling past atmospheric 
variations in pC0 2  has been interpreted to be negligible (e.g., Keigwin et al.,  1 9 9 2 ;  Sigman et 
al.,  2 0 0 4 ;   Jaccard et al.,  2 0 0 5 ) .   Palaeoceanographic evidence derived from planktonic  5 18O f0rani, 
foraminifera  assemblage  counts  and Mg/Ca ratios  in  cores  close  to  ODP  Site  8 8 2 ,  however, 
suggest that a mixed water column may have prevailed during at least part of the last glacial 
period (Keifer et al.,  2 0 0 1 ;   Samthein et al.,  2 0 0 4 ;   2 0 0 6 ) .  In addition, results from elsewhere in 
the North Pacific Ocean may also be indicative of a mixed water column with periodic large 
fluxes of diatoms to the sediment and high levels of surface water palaeoproductivity during the 
last  glacial  (e.g.,  McDonald et al.,  1 9 9 9 ;  Kienast et al.,  2 0 0 4 ;   Katsuki and Takahashi,  2 0 0 5 ) . 
Consequently,  whilst  most evidence  points  towards  the  existence  of a permanently  stratified 
water  column,  and  a  minimal  role  for  the  North  Pacific  Ocean  in  regulating  changes  in 
atmospheric pC0 2  over the last glacial cycle, other evidence raises the possibility that the region 
may have instead played a key role in altering pC02. Much of this uncertainty can be attributed 
to  the  absence  of planktonic  foraminifera  in  the  sediment  record at many  cored  sites  in the 
North  Pacific  Ocean.  Here,  in  this  chapter,  it  is  intended  to  clarify  the  palaeoceanographic 
changes in the North West Pacific Ocean over the last  2 0 0   kyr by investigating the stability of 
the  halocline  at ODP Site  8 8 2   using  8 18O djatoin.  By analysing  5 18O diatom,  the  signal  of which  is 
entirely derived from the photic zone, changes in salinity and consequently changes in surface 
water  density  can  be  calculated  to  provide  definitive  evidence  as  to  past  changes  in  the 
stratification of the North West Pacific Ocean.
5.2. Methodology
Sediment samples analysed within this chapter were collected from ODP Site 882 in the North 
West Pacific Ocean (Fig.  5).  Site details are presented in Chapter 2. Details on the age model, 
diatom extraction and isotope methodology for this interval are covered in Chapter 3. Purified 
diatom samples were analysed for 51 8 0  over two size fractions, 38-75 pm and >100 pm.
5.3. Results
Levels  of non-diatom  contamination,  both  in  the  samples  presented  in  Chapter  3  and  in the 
additional samples analysed here, are minimal throughout the interval (Fig.  13, 14, 23). 8 18O diatom 
results from both the 38-75  pm and >100 pm fractions show large, simultaneous, variations of 
10-13%o  over  the  last  200  kyr  BP,  indicating  significant  palaeoceanographic  changes  in  the 
region (Fig.  23). Replicate analyses indicate a mean analytical error of 0.49%o in the 38-75  pm 
fraction, 0.28%o in the >100 pm fraction and 0.48%o for BFCm od (the NIGL within-run laboratory 
diatom standard). Samples in  the >100 pm fraction are dominated by C. radiatus, which in the 
North  Pacific  Ocean  predominantly  blooms  in  autumn/early  winter  (e.g.,  Takahashi,  1986; 
Takahashi  et  al.,  1996;  Onodera  et  al.,  2005).  In  contrast,  the  38-75  pm  fraction  contains
93/205multiple species which bloom in different seasons, e.g,. the spring dominated A. curvatulus and 
the autumn/winter C. radiatus. Despite the high 81 8 O diatom  correspondence between the two size 
fractions, in order to eliminated any seasonality effect in addition to any inter-species and size- 
related  vital/species  effects  (Chapter  3),  palaeoenvironmental  interpretations  can  only  be 
derived from the >100 pm fraction.
In contrast to results from O D P  Site 882 over the intensification of major NHG (Chapter 4), no 
correlation exists between the Uk37 SST record Haug (1995) and 51 8 Odiato m  values in the >100 pm 
fraction  (Fig.  24).  For  example,  high  5 l8O diatom  values  between  121.6  kyr  B P   and  92.2  B P  
correspond with high SST of c.  14°C while high 5 18Odiatom values between 72.4 kyr B P  and 51.3 
kyr  B P   correspond  to  a period of low  SST of less  than  7°C.  While  for much  of the  interval 
changes in opal Mass Accumulation Rates (MAR) are not concurrent with changes in 8 18O diatom, 
notable  decreases  in  5 18O diatom  from  92.2  kyr  B P ,  67.7  kyr  B P   and  9.1  kyr  B P   onwards  are 
synchronous  with  decreases  in  opal  MAR.  While  large  changes  in  opal  MAR  do  occur 
throughout the interval, accumulation rates of 0.0-1.6 g/cm2  kyr remain significantly below the 
2.5-4.5 g/cm2  kyr which typified the open-water column at O D P  Site 882 prior to 2.73 Ma (see 
Chapter 2 Figure 21:, Haug, 1995; Haug et al., 1999).
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Figure  23:  Comparison  of  the  38-75  pm  and  >100  pm  fractions  showing  sample  purity 
(percentage  of  diatom  material  relative  to  all  other  material),  the  relative  diatom  species 
biovolume and 51 8 Odiato m  (relative to V-SMOW). Error bars for 81 8 O diatom  are within the size of the 
symbols.
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Figure 24: Comparison of 5I8Odiatom  (>100 pm fraction) together with U1 ^  SST, opal MAR, planktonic (N. pachyderma) and benthic (Uvigerina) 
518Oforam  records from ODP site 882 (Haug,  1995) and a global stacked benthic 518Oforam record (Lisiecki and Raymo, 2005).5.4.  Discussion
5.4.1. Reliability o f the isotope record
All  diatoms  extracted  and  analysed  for  5lsO  appear  pristine  with  no  evidence  of  any 
contamination, dissolution or diagenesis (Fig.  13,  14,  23). The issue of vital/species effects is 
largely  eliminated  by  most  samples  being  almost  solely  comprised  of C.  radiatus  (Fig.  23). 
Secondary  isotope  exchange  has  been  ruled  out  in  Chapter  3  as  an  important  factor  in 
controlling 8 l8O diatom  over this interval at O D P  Site 882. However, as with Chapter 4, additional 
palaeoceanographic  evidence  also  exists  to  indicate that  silica maturation  is  not significantly 
impacting 5l8Odiatom . Since the isotopic composition of the -Si-OH layer (51 8 0.S i-oH ) during silica 
maturation  will  reflect  the  composition  of 8 l8 O b o tto m /p o re w a te r,  changes  in  8 18O d iato m   would  mirror 
changes  in  benthic  8 l8O f onun  if silica  maturation  was  having  a  notable  impact  on  8 l8O diatom- 
However  as  shown  in  Figure  24,  no  link  exists  between  changes  in  8 18O diatom  and  a  global 
stacked benthic foraminifera records (Lisiecki and Raymo, 2005) or a lower resolution benthic 
foraminifera record of Uvigerina spp. from O D P  Site 882 (Haug, 1995). In particular, the 12.9%o 
decrease  in  8 18O diatom  at  80.3  kyr  B P   is  not  synchronous  with  changes  in  8 ,8O foram.  Similarly, 
whereas both the global stacked and O D P  Site 882 benthic 8 18O f0ram record decrease from MIS 2 
into the Holocene, the corresponding decrease in  8 18O diatom  occurs much later after 9.1  kyr  B P  
(Fig. 24). Furthermore, since almost all samples are dominated by C. radiatus (Fig. 23), even if 
inter-species  variation  in  secondary  isotope  exchanges  do  exist,  their impact on the  81 8 Odiat0m  
record will  be minimal.  While issues of secondary isotope exchange can not be conclusively 
ruled out, their influence, if any, on 8 18O diatom is therefore almost certainly negligible.
5.4.2. Sea Surface Salinity (SSS)
Generating palaeoceanographic interpretations from the >100 pm fraction is not ideal given the 
low resolution nature  of the  8 18O diat0m  record.  This  arise  from the scarcity of large,  >100  pm, 
diatoms  in  the  sediment  combined  with  the  problems  of obtaining  and  purifying  sufficient 
quantities of diatoms for isotope analysis. Both C.  radiatus and C. marginatus, which comprise 
virtually all of the biovolume in the >100 pm fraction (Fig.  23), predominantly bloom during 
the autumn/early winter months (Takahashi, 1986; Takahashi et al., 1996; Onodera et al., 2005). 
Similarly,  the  coccolith  (Emiliana  huxleyi)  derived  Uk3 7   SST  record  is  also  representative  of 
autumn conditions with peak alkenone fluxes in the region occurring during October/November 
(Ohkouchi et al., 1999; Pagani et al., 2002; Harada et al., 2006; Seki et al., 2007). With fluxes of 
both  organisms  being  focused  towards  the  same  season,  autumn/early  winter  change  in  Sea 
Surface Salinity (SSS) can be calculated for the last 200 kyr, relative to a value of 0 psu at  195 
kyr BP, using the Uk3 7  index (Haug,  1995) to correct 8 18O diat0m  for changes in SST and a global 
stacked benthic 8 18O foram record (Lisiecki and Raymo, 2005) to account for changes in global ice 
volume (81 8 Ogiv) (Fig. 25). While a benthic 8 18O foram record from Haug (1995) also exists at ODP 
Site 882 (Fig. 24), its low temporal resolution makes it unsuitable for correcting for the 81 8 0 G iv
97/205component of 5 18O diatom-
Due to the potential for 81 8 Odiatom-temperature coefficient to range from -0.2%o/°C  to -0.5%o/°C, 
(Juillet-Leclerc and Labeyrie,  1987;  Shemesh et al.,  1992; Brandriss et al.,  1998; Moschen et 
al., 2005) two estimates of SSS are calculated (Fig. 25). Further assumptions are also required 
as to the relationship between SSS and 81 8 0, which can vary from 1  to 2 depending on the 51 8 0  
composition of the oceanic and freshwater end-members (Rohling, 2000). As stated in previous 
chapters, defining the exact SSS:8,80  relationship at ODP Site 882 is complicated by the large 
range of 5lsO estimates for individual ice sheets. For example, values for the Eurasia and North 
American  ice-sheets  at the  Last Glacial  Maximum vary  from -16%o to -40%o  and -28%o to 
-34%o respectively (Duplessy et al.,  2002).  To avoid making incorrect assumptions regarding 
the true SSS:81 8 0  relationship, a range of SSS values should be calculated to take into account 
that SSS:81 8 0  may have varied from  1   to 2 over time.  However, a relationship of 2 produces 
SSS  values of 40-50 psu for most of the last 200 kyr.  Such values are unrealistic and would 
make the region 20-50% saltier than today and saltier than any part of the modem ocean. The 
aim of this work is to determine whether waters in the photic zone were ever sufficiently dense 
to  generate  overturning  and  remove  the  halocline  stratification.  Due  to  the  nature  of SSS 
changes  over the  last 200 kyr,  the  SSS  curve produced using a  SSS:81 8 0  ratio  1   is  the most 
conservative.  Consequently,  it  is  sufficient  to  only  use  a  SSS:81 8 0   ratio  of  1   in  any  SSS 
reconstruction since any unstratified intervals indicated by this ratio would only be reiterated by 
a  higher  SSS:81 8 0   ratio.  Using  a  SSS:81 8 0   of 1,  reconstructed  changes  in  SSS  display  long 
periods of apparent stability over the last 200 kyr BP (Fig. 25). At 186.5 kyr BP,  133.3 kyr BP, 
92.2-72.4 kyr BP,  51.3-23.9 kyr BP and 4.7 kyr BP, however, large freshening events of 6-12 
psu  are  apparent  when  using  both  a  81 8 Odiatom-temperature  coefficient  of -0.2%o/°C  and  a 
coefficient of~0.5%o/°C (Fig. 25).
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Figure 25:  Changes in autumn/early winter SSS relative to a salinity of 0 psu at  195  kyr BP, 
calculated using a 8,8Odiatom-temperature coefficient of-0.2%o/°C and ~0.5%o/°C and a SSS:81 8 0 
relationship of 1, together with Uk37 SST, opal MAR (Haug,  1995) and a stacked global benthic 
51 8 O foram  record (Lisiecki and Raymo, 2005).
99/2055.4.3.  Stratification changes in the North Pacfic Ocean
In  order to  determine whether the  large,  up to  12 psu,  SSS  fluctuations  represent transitions 
between  stratified/unstratified  states,  it  is  necessary  to  calculate  the  potential  density  of the 
water column. Modem day SST and SSS records from (50.5°N, 167.5°E) (Antonov etal., 2005; 
Locamini et al., 2005), located close to ODP Site 882 (see Fig. 5), allow the calculation of water 
column  potential  densities  (o0)  for p=0,  following  UNESCO  (1983).  All  waters  above  the 
halocline, c.  150 m, are marked throughout the year by densities of <26.8 kg m 3  (Fig. 26).
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Figure 26: Calculated modem potential density (p=0) at 50.5°N, 167.5°E.
Changes in autumn/early winter surface water potential densities at ODP Site 882 over the last 
200 kyr can be calculated in a similar way by using the  Uk37 SST record of Haug (1995), the 
SSS  records  calculated  in  Figure  25  and  by  anchoring  the  uppermost  6 18O diatom  sample  in  the 
>100 pm fraction (4.7 kyr BP) to the modem day mean September-December SSS of 32.8 psu 
(Fig. 27). As before, a range of surface water densities are calculated to account for the different 
S^Odiatom-temperature  coefficients.  In  order to  assess  whether these  changes  in  surface  water 
density are indicative of a stratified or mixed water column, it is also necessary to calculate past 
changes in the potential density of the halocline boundary (water depth = 150 m) relative to the 
modem day potential density of 26.8 kg nr3  (Fig. 26). For all halocline boundary calculations, 
the mean modem day September-December temperature (3.46°C) and salinity (33.68 psu) at a 
water depth of 150 m are assumed to be representative of halocline boundaiy conditions over
100/205the  past  200  kyr  BP  (Antonov  et al.,  2005;  Locamini  et al.,  2005).  These  assumptions  are 
considered in Section 5.3.1 and are shown to not affect any of the results. Salinity measurements 
at  the  halocline  boundary  are  further  corrected  for  changes  in  global  ice  volume  using  the 
Relative Sea Level (RSL) record of Siddall etal. (2003):
AS  Sm odem  * ASL/(3900 -  ASL)
(Eq. 22)
where AS is the change in whole ocean salinity relative to today due to variations in global ice 
volume, Sm odem  is the modem day September-December salinity at 150 m of 33.68 psu (Antonov 
et al., 2005), 3900 is the mean ocean depth in meters (GEOSEC, 1987) and ASL is the change in 
sea level relative to today.
In the subsequent potential density record (>9=0) (Fig. 27), higher densities in the surface water 
relative to the halocline (150 m) are indicative of overturning and the presence of a mixed water 
column. A stratified, halocline driven, water column similar to the modem day is assumed to 
exist when the potential density of the surface water is less than the calculated potential density 
at  the  halocline  boundary.  Regardless  of the  51 8 Odiatom-temperature  coefficient  used,  evidence 
exists  for up  to  4 periods  during  the  last  200  kyr when an unstratified mixed water column 
would have existed in the region (Fig. 27). Transitions between stratified/unstratified conditions 
appear linked to periods of either increasing or decreasing SST and, as such, transitions into or 
out of interglacial/interstadials. However, given the low resolution nature of the 5 l8O diatom record, 
it is difficult to make definitive conclusions from this. It is notable, though, that much of MIS 5, 
including  MIS  5e,  and  the  two  samples  from  MIS  7  indicate  a  possible  unstratified  water 
column  during  previous  interglacials.  This  contrasts  with  evidence  both  here  and  elsewhere 
(e.g.,  Samthein et al., 2004) that indicates that a halocline driven stratification system existed 
from at least the early Holocene onwards.
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Figure 27: A) Reconstructed potential surface water densities (p=0) at ODP Site 882 for the last 
200 kyr using a 5,8Odiatom-temperature coefficient of -0.2%o/°C  and -0.5%o/°C and a SSS:81 8 0 
ratio  of  1   (solid  lines).  Dashed  lines  represent  changes  in  the  potential  density  (p=0)  at  the 
halocline boundary (150 m).  Star symbols indicate unstratified intervals which are within the 
limits of uncertainty for the potential density calculations (see Section 5.4.3.1  below).  B) Uk3 7  
SST, opal MAR (Haug, 1995) and a global stacked benthic 51 8 Of0ram  record (Lisiecki and Raymo, 
2005). Shaded intervals indicate an unstratified water column, in which surface water potential 
densities are greater than the halocline boundary potential densities.
102/2055.4.3.1. Error propagation
In order to examine the significance of these changes in stratification state,  it is necessary to 
calculate  the  propagation  of errors  associated  with  the  potential  density  calculations.  Two 
factors may affect the reliability of these calculations:  1) changes associated with the halocline 
boundary potential density; 2) analytical uncertainty associated with S^Odktom, Uk 37 SST and the 
stacked benthic S,8Ofo iB m  record, which effect the surface water potential density calculations.
Errors associated with the halocline boundary include changes in the ambient water temperature 
at the halocline boundary, migration in the depth of the halocline, which would also change the 
halocline  boundary  water  temperature,  and  uncertainties  associated  with  the  sea-level 
reconstruction of Siddall et al. (2003). While a change in the depth of the halocline might also 
introduce  uncertainties  associated  with  the  different  values  of  8 ,8 0 Water  present  at  different 
depths, this error is most likely minimal give the small depth variation in  5 ,8 O w ater  in the region 
(c.f.  Schmidt et al.,  1999).  Modem day temperatures  at depths  both  immediately below and 
above the halocline  are near constant (Fig.  6).  It  is therefore reasonable to assume  that  any 
change in past halocline boundary ambient water temperature would have been less than  1°C. 
Errors associated with the sea-level curve of Siddall et al. (2003), used in equation 22, are ±30 
m, which equates to a salinity change of 0.26 psu (Eq. 22). If these errors are included into the 
halocline boundary potential density calculations in Figure 27, this leads to a potential density 
error in the halocline boundary of ±0.30  to ±0.33  kg m'3   over the analysed interval.  For all 
samples indicating unstratified water column conditions, the uncertainties associated with the 
analytical  reproducibility  of  51 8 O diatom ,  Uk3 7   SST  and  benthic  6,8O fonun  can  be  assessed  by 
recalculating the surface water potential density following a lowering of the calculated SSS by 
the benthic stacked 5 ,8 O f0ra m  record error of 0.06%o (Lisiecki and Raymo, 2005), by the 5 18O d ia to m  
analytical reproducibility of 0.28%o, adjusted according to the  S S S : 6 18O d m tom  relationship, and by 
adding the alkenone precision of 1.6°C (Rosell-Mele et al., 2001) to the Uk 37 SST record. The 
combined errors of both the halocline and surface water potential densities are not sufficient to 
affect any of the reconstructed unstratified intervals except at 51.3  kyr BP, using a  8 18O d ia to n r  
temperature  coefficient  of  -0.5%o/°C,  and  at  102.6  kyr  BP,  using  a  81 8 Odiatom-temperature 
coefficient of -0.2%o/°C, when surface waters are calculated to be only marginally heavier than 
those at the halocline boundary (Fig. 27).
5.4.3.2. Mechanisms for water column transitions
Changes in potential density are a function of temperature and salinity with warmer and fresher 
(low salinity) waters leading to a decrease in density and a more enhanced stratification. The 
relative  role  of temperature  over  salinity,  however,  increase  at higher temperatures  while  in 
cooler waters changes in salinity have a disproportionally greater impact on the density of the
103/205water  column.  Two  lines  of evidence  suggest  that  the  changes  in  potential  density  and  the 
transitions between stratified/unstratified conditions observed here are primarily a function of 
salinity. Firstly, the last 200 kyr at ODP Site 882 is marked by large, up to 12 psu, variations in 
salinity  (Fig.  25).  Secondly,  even  when  SST  are  constantly  high,  prolonged  intervals  of 
unstratified  water  column  conditions  exist  (e.g.,  MIS  5;  Fig.  27).  Given  that  increased  SST 
should act to enhance stratification,  large changes  in  SSS and freshwater input to the region, 
such as those observed in Figure 25, are the only viable mechanism to explain the transitions 
into  and  the  maintenance  of prolonged  unstratified  intervals.  Whist  difficult  given  the  low 
resolution  nature  of the  51 8 O diatom   record,  especially  from  180-130  kyr  BP,  it  is  nevertheless 
important  to  access  possible  mechanisms  which  could  be  causing  these  large  changes  in 
SSS/freshwater  input  to  the  region  and,  consequently,  initiating  transitions  between 
stratified/unstratified states.
ODP Site 882 lies beyond both the modem and past southernmost sea-ice extent (Numberg and 
Tiedemann, 2004; Jaccard et al., 2005). Changes in salinity around ODP Site 882 are therefore 
unlikely  to  be  related  to  issues  of brine  rejection  and  migration  of the  sea-ice  margin.  The 
continental land immediately surrounding ODP Site 882, i.e., the Kamchatka peninsula contains 
insufficient  river runoff or glacial  ice  sheets  to  provide  large  quantities  of freshwater to  the 
region (Samthein  et al., 2004). Furthermore changes in stratification state at ODP Site 882 do 
not coincide with records of GRAPE density, which can be used as a proxy of Ice Rafted Debris 
(IRD)  (Kotilainen  and  Shackleton,  1995).  Other  investigations  have  also  indicated  that  the 
amount of IRD at ODP Site 882 is relatively small compared to sites elsewhere in the North 
Pacific Ocean (Rea and Schrader,  1985; Krissek,  1995;  St. John and Krissek,  1999). As such, 
the  freshwater  must  be  originating  from  elsewhere  in  the  North  Pacific  region.  Following 
Samthein et al. (2004), increased freshwater in the North West Pacific Ocean may arise from a 
variety  of processes  including:  1)  increased  precipitation;  2)  increased  freshwater  advection 
from the low-salinity Aleutian Current; 3) increased freshwater input from the Arctic Sea via the 
Bering Straights and the Oyashio Current; and 4) increased freshwater from the Sea of Okhotsk.
At  present,  no  proxy  record  is  available  at  ODP  Site  882  to  investigate  possible  relative 
contributions of freshwater input from different sources. However, it seems unlikely that the up 
to  12  psu  changes  in  SSS  could be  caused  solely by  an  increase  in precipitation.  Given  the 
significant  uncertainty  surrounding  the  palaeoceanographic  history  of both  the  North  West 
Pacific  Ocean and the  surrounding marginal  seas,  particularly with respect  to ocean  currents 
(e.g.,  Keigwin,  1998;  Matsumoto  et al.,  2002),  at this  time  it is not possible to  evaluate  any 
further the causes of the large changes in SSS observed at ODP Site 882 (Fig.  25).  Similarly 
difficulties in identifying the origin of freshwater inputs to the North Pacific Ocean during the 
last glacial are also found in Sancetta (1983), Sancetta et al. (1985) and Keigwin et al. (1992)
104/205Samthein et al. (2004). However, as outlined in Chapter 4, it is possible that prolonged periods 
of stratified/unstratified conditions  may  reflect  the  existence  of a series  of positive  feedback 
cycles rather than continuous intervals of permanently increased/decreased freshwater input to 
the region. For example, once established a stratified water column in the North West Pacific 
Ocean  would  become  self-sustaining  through  further  influxes  of  freshwater,  which  would 
reinforce the  salinity  gradient between the  surface  and  sub-surface  layers  (c.f.  Sigman  et al., 
2004).  Consequently even if freshwater input partially decreased, the existing halocline would 
be sufficiently strong to maintain a stratified state. A transition from a stratified to unstratified 
system could then only be initiated by a significant large scale reduction in freshwater input to 
the region. Such a scenario could have occurred after the onset of MIS 5 following a reduction 
in global ice sheets and associated freshwater release from them, as indicated by lower benthic 
51 8 O fonun (Fig. 25, 27). From this,  SSS could have been able to rise sufficiently to generate an 
initial phase of overturning. This would have permitted an increase in the upwelling of saltier 
deep water into the photic zone, further increasing SSS and establishing a permanently mixed 
water column. A subsequent modest increase in freshwater input, would then be insufficient to 
revert the  system back to  a halocline  state due to the constant mixing of surface/sub-surface 
waters. Only a major and rapid freshwater surge to the region would be sufficient to lower SSS 
below  the  critical  threshold  required  to  establish  a  temporary  halocline,  and  allow  the  re­
adjustment of the system back to a stratified state.
5.4.4.  Biological pump
While  evidence  exists  for  periodic  switching  between  stratified/unstratified  water  column 
conditions,  biogenic  productivity  at  ODP  Site  882,  as  indicated  by  opal  MAR  (Haug  et al., 
1999) and biogenic barium (Jaccard et al., 2005) remained low over the last 200 kyr (Fig. 27). 
During an unstratified interval unimpeded upwelling of nutrient rich NPDW would be expected 
to  occur,  resulting  in  significant  increases  in  both  diatom  and  other  biogenic  productivity 
relative to stratified periods. Although almost all maxima in the opal MAR record occurs within 
unstratified intervals, e.g., at 99.1-96.7 kyr BP, 67.5 kyr BP 9.1  kyr BP, opal MAR of 0.8-1.5 
g/cm2   kyr remain  significantly below the  2.5-4.5  g/cm2   kyr present  in  the unstratified  ocean 
prior to 2.73  Ma (Fig. 27) (see Chapter 4, Haug,  1995; Haug et al.,  1999). Furthermore,  long 
periods of unstratified conditions over the last 200 kyr are marked by low opal MAR of 0-0.4 
g/cm2  kyr, which are similar to concentrations during stratified intervals (Fig. 27).
As outlined in previous chapters, today much of the North West Pacific Ocean is Fe limited with 
respect to diatom productivity (Harrison et al., 1999; Tsuda et al., 2003; Yuan and Zhang, 2006). 
In the open North Pacific Ocean at sites such as ODP Site 882, which are situated away from 
continental influences, Fe availability is primarily controlled by aeolian deposition (Duce and 
Tindale,  1991;  Jickells  et al.,  2005),  which predominantly  originates  from  the  Badain  Juran
105/205Desert, China (Yuan and Zhang, 2006). On a generalised scale, rate of Fe deposition at a given 
site should vary from high to low in line with glacial to  interglacial conditions  (Kohfeld and 
Harrison, 2001; Wemer et al., 2002). The lack of an increase in opal productivity within a warm 
and unstratified system, such as from 86.1-121.6 kyr BP, may therefore reflect the continuing 
presence of Fe limitation under decreased aeolian deposition.  Such an explanation can not be 
used during glacial periods of unstratified conditions when increased Fe deposition, combined 
with increased deep water nutrient upwelling,  should have removed any nutrient limitation to 
cause a significant increase in biological productivity.
One problem in examining the issue of Fe limitation at ODP Site 882 is the absence of an actual 
dust/Fe flux record at the site. This is important since records show distinct episodic changes in 
the rates of Fe deposition superimposed on glacial-interglacial  changes  in Fe deposition (e.g., 
Nagashima et al.,  2007).  Records  from Hess  Rise  (34°54.25'N and  179°42.18'E), the closest 
open  ocean  site  containing an aeolian  dust record,  shows  distinct  glacial  changes  in dust/Fe 
accumulation (Kawahata et al., 2000), which are in turn aligned to rates of aeolian accumulation 
on the Chinese Loess plateau (Sun and An,  2005).  Comparisons further indicate synchronous 
changes between dust/Fe deposition and diatom/opal accumulation at Hess Rise and ODP Site 
882 (Fig. 28).
Assuming  that  records  of  dust  accumulation  at  Hess  Rise  are  representative  of  dust/Fe 
deposition  at  ODP  Site  882,  periods  of  increased  diatom  productivity  during  unstratified 
intervals  are  marked  by  increased  Fe/dust  deposition  while  periods  of low  productivity  in 
unstratified intervals are marked by low Fe/dust deposition (Fig. 28). This correlation therefore 
reiterates the importance of Fe availability for diatom productivity within the region. Based on 
this requirement by diatoms for both Fe, delivered via aeolian deposition, as well as N and Si, 
which primarily originates via deep water upwelling/advection, four productivity regimes can 
be concluded to have existed in the North West Pacific Ocean over the last 200 kyr: 1) stratified, 
halocline driven,  system marked by low Fe deposition,  2)  stratified,  halocline driven,  system 
marked  by  high  Fe  deposition,  3)  unstratified  mixed  water  column  marked  by  low  Fe 
deposition;  4)  unstratified  mixed  water  column  marked  by  high  Fe  deposition  (Fig.  29).  In 
model  1   Fe,  N  and  Si  limitation  inhibits  diatom  blooms.  In  model  2,  increased  Fe/dust 
deposition  removes  Fe  limitation  to  diatom  growth,  causing  a  moderate  increase  in  diatom 
productivity. This in turn forces an increased demand for N and Si which can not be met due to 
the presence of the halocline, which prevents upwelling of nutrient rich deep water to the photic 
zone.  In  system  3,  Fe  limitation  prevents  significant  diatom  blooms  from  occurring  despite 
increased N and Si concentrations in the surface water following the transition to unstratified 
conditions. In model 4 both high Fe deposition and deep water upwelling combined to cause a 
significant increases in diatom and other biogenic productivity.
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Figure 28: A) Reconstructed surface water potential densities with light grey shaded intervals 
indicating an unstratified water column and dashed lines representing changes in the halocline 
boundary  potential  density.  Star  symbols  indicate  unstratified  intervals  which  are  within  the 
limits of uncertainty for the potential density calculations.  B) Opal MAR from ODP Site  882 
(Haug,  1995) with model numbers  indicating productivity regime (see text below and Figure 
29). C) Dust flux from Hess Rise (Kawahata et al., 2000). Dark grey shading between B and C 
indicate possible correlations between opal and dust fluxes.
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Figure 29: Productivity regimes suggested to have existed in the North West Pacific Ocean over
the last 200 kyr.
Based  on  these  models,  the  lack  of  a  consistent  increase  in  diatom  productivity  during 
unstratified intervals can be associated with the operation of a model 3 productivity system (Fig. 
28,  29).  In  contrast,  increases  in  opal  MAR  during  unstratified  intervals  can  be  linked  to 
sustained  increases  in Fe deposition  and NPDW upwelling which cause a shift to a model 4 
productivity regime (Fig.  28, 29).  However, while the above models explain why unstratified 
intervals were marked by both higher and lower levels of opal/diatom productivity over the last 
200 kyr, they do not explain why opal MAR accumulation rates remained relatively low at c. 1.6 
g/cm2  kyr compared to the 2.5-4.5 g/cm2  kyr recorded prior to stratification at 2.73 Ma (Chapter 
4, Haug,  1995; Haug et al.,  1999).  Relatively low diatom accumulation  rates during model 4 
productivity  regimes  within  glacials  may  reflect reduced  rates  of deep  ocean  circulation  and 
consequently  reduced  nutrient  concentrations  in  deep  water  upwelled  to  the  photic  zone 
(Keigwin,  1998;  de  Boer  et  al.,  2007).  However  this  can  not  explain  why  rates  of diatom 
productivity also remained low during model 4 productivity regimes in interglacial unstratified 
conditions, such as during MIS 5e when rates of deep ocean circulation would have been similar 
to or higher than today (ibid). It has recently been shown, however, that significant quantities of
108/205Fe  in  the  ocean  can  originate  from  volcanic  activity  (Duggen  et  al.,  2007).  Higher  opal 
accumulation  rates  during the unstratified interval prior to 2.73  Ma may therefore reflect the 
significant volcanic activity which is known to have occurred in the region over the onset of 
major NHG (Prueher and Rea, 2001). Consequently, opal MAR during the unstratified intervals 
over the last 200 kyr and prior to 2.73 Ma may not be comparable, due to the vastly different 
palaeoenvironmental conditions in each period.
5.4.4.1. Comparison with previous studies
The reconstruction of at least four transitions between stratified/unstratified conditions over the 
last 200 kyr contrasts with diatom assemblage (Sancetta,  1983), foraminifera 51 8 0  (Keigwin et 
al.,  1992), biogenic barium (Jaccard et al., 2005) and 51 5 Ndiatom  data (Brunelle et al., 2007) from 
the North West and North Central Pacific Ocean, which argue for a constant, halocline driven, 
stratification system. However, evidence in Keifer et al. (2001) makes it clear that deep water 
may have been ventilated  at the  surface at the nearby ODP Site  883  on at least a millennial 
timescale periodicity during the last glacial. Similarly, large changes of c. 4-10%o are present in 
an  early  study  of 81 8 Odiatom   in  the  Bering  Sea  (Sancetta  et al.,  1985).  Evidence  here  that  the 
modem halocline  system developed from 9.1  kyr BP onwards  (Fig.  27)  is  also in agreement 
with Samthein et al. (2004) who argue for a glacial overturning in the North West Pacific Ocean 
until  11.1/9.3  kyr BP at IMAGES  core MD01-2416  (51°N,  168°E)  in the North West Pacific 
Ocean, close to ODP Site 882. The reconstructed SSS decreases of 3.0-4.0 psu from  12 kyr BP 
in Samthein et al. (2004) is also similar to the 3.6-4.2 psu freshening calculated here between 
9.1 kyr BP and 4.7 kyr BP (Fig. 25).
5.4.4.2. Planktonic foraminifera isotope records
Given the above summary of evidence in favour of stratified/unstratified transitions over the last 
200 kyr,  it is necessary to assess why many studies from the region argue for a permanently 
stratified system (e.g., Sancetta,  1 9 8 3 ;  Keigwin et al.,  1 9 9 2 ; Jaccard et al., 2 0 0 5 ;  Brunelle et al., 
2 0 0 7 ) .  Doing so, however, is not straightforward. At the broadest level, most records only cover 
the  last  glacial-interglacial  transition  onwards  and  are  therefore  not  suitable  for  making 
interpretations  as  to  the  state  of the  halocline  during  earlier time  periods.  In  addition,  while 
several sites across the North Pacific Ocean contain benthic  8 18O foram  records (e.g., Keigwin et 
al.,  1 9 9 2 )   only a few  sites  contain  sufficient numbers  of foraminifera for planktonic  8 18O foram 
analyses to be undertaken.  Consequently, many sites do not contain a record of surface water 
palaeoceanographic conditions.
Those  sites  that  do  contain  planktonic  5 18O f0ram  data  indicate  a maximum  glacial-interglacial 
change of c.  l%o (e.g., Zahn et al.,  1991; Kiefer et al., 2001; Cook et al., 2005; Gorbarenko et 
al.,  2005;  Samthein  et al.,  2006).  This  compares  with  the  10-13%o  fluctuations  observed  in
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changes  in  8180 G iv-  Due  to  this,  with  records  of planktonic  8l8Of0ram   suggesting  virtually  no 
difference  between  Holocene  and  glacial  surface  water  values  of  5l8Ow ater,  except  during 
Dansgaard-Oeschger  and  Heinrich  events  (Keifer et al.,  2001),  it has  been  concluded  that  a 
stratified water column must have existed during the last glacial (Keigwin et al.,  1992; Jaccard 
et al., 2005). In contrast, transitions into/out of an unstratified water column would be expected 
to result in much larger changes in planktonic 5l8Oforam  (ibid). These conclusions with regards to 
records  of planktonic  51 8 Oforam ,  however,  assume  that  all  planktonic  foraminifera  are  living 
above  the  halocline  in  the  photic  zone.  As  highlighted  in  Chapter  4,  it  is  possible  that  the 
foraminifera in the North Pacific Ocean may instead be living and reflecting conditions below 
the halocline boundary (Hemleben et al., 1989; Kohfeld et al., 1996; Kuroyanagi and Kawahata, 
2004). Indeed such a scenario would result in exactly the c.  l%o change actually observed within 
records of planktonic 5l8Oforam .
Within a palaeoceanographic context, the exact depth habitats of individual foraminifera taxa 
can not be conclusively established. However, by comparing records of planktonic 5l8Ofo ram  to 
the  coccolith  based  Uk3 7   SST  record,  which  is  known  to  reflect  surface  water  conditions 
(Ohkouchi  et al.,  1999;  Harada  et al.,  2006),  strong  evidence  can  be  found  to  indicate  that 
records of planktonic 51 8 Oforam  are not faithfully reflecting changes in the uppermost sections of 
the water column.  Over the last 70 kyr, the length of the most extended North Pacific Ocean 
planktonic 51 8 Oforam  record (Kiefer et al., 2001; Gorbarenko et al., 2005), Uk3 7  SST were up to 
7°C colder than today (Fig. 6, 27). Using a 51 8 Of0 rain-temperature coefficient of~0.25%o/°C (Kim 
and  O'Neil,  1997),  planktonic  51 8 Oforaiii  would be  expected to be  1.75%o  higher (2.75%o  after 
consideration of 5180 G iv) during the last glacial relative to the Holocene if planktonic 51 8 O foram  is 
reflecting surface water conditions. As mentioned above, in practise records of 51 8 Oforam  are only 
c.  l%o higher during the last glacial.  This points toward planktonic foraminifera in the North 
Pacific Ocean living and reflecting conditions beneath the halocline boundary.
As  with  Chapter  4,  this  highlights  the  potential  problems  that  may  be  encountered  when 
attempting to use planktonic 81 8 Ofo ram  to  reconstruct changes in the uppermost sections of the 
water column.  Given,  though, that only a few studies have investigated the potential of using 
61 8 Odiato m   in  palaeoceanographic  reconstructions,  it remains  unwise  to  suggest  that  records  of 
61 8 Odiato m  are better than planktonic §x*Of0nm. Indeed, far more uncertainties exist over the use of 
§ l8O diatom than for planktonic 5 18O foram (see Chapter 1). However, since the 8 18O diatom record here is 
the first comprehensive biogenic 8I80  record from the North Pacific Ocean which can definitely 
be presumed to reflects true surface water conditions, it suggests that the large 51 8 O diatom  derived 
changes in SSS and potential density reflect real oceanographic changes in the region.
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Other evidence arguing for a constantly stratified water column in the past originates from the 
palaeoproductivity  reconstructions  in  both  the  open  North  Pacific  Ocean  and  from  the 
surrounding marginal seas such as the Okhotsk Sea. Evidence of stratification in the Okhotsk 
Sea,  based on low levels of surface water productivity (Narita et al., 2002;  Seki et al., 2004) 
should  not,  however,  be  used as  an  analogue  for the  open North Pacific  Ocean.  Changes  in 
palaeoproductivity  within the  Okhotsk  Sea are principally controlled by  localised and highly 
seasonal changes in sea-ice (ibid). This causes a seasonal summer stratification which can not 
be regarded to reflect conditions at ODP Site 882 as the region lies beyond both the present and 
past sea-ice margin (Numberg and Tiedemann, 2004; Jaccard etal., 2005).
With regards to palaeoproductivity reconstructions from the open North Pacific Ocean, which 
argue for a permanently stratified water column (e.g., Nakatsuka et al., 1995; Narita et al., 2002; 
Gorbarenko et al., 2005; Jaccard et al., 2005 Brunelle et al., 2007), major assumptions are made 
in all these studies with regards to Fe limitation.  Such studies assume that:  1) the region was 
constantly Fe limited in the past; and 2) glacial periods would have been marked by consistently 
high levels of aeolian Fe deposition. Under these assumptions, glacial stratified intervals would 
be expected to coincide with low levels of diatom/opal productivity while glacial unstratified 
intervals  would  be  characterised  by  sustained  levels  of higher  productivity.  With  all  work 
indicating that productivity was generally low throughout the last glacial, it has been assumed 
that a situation similar to a stratified, model 2,  system must have prevailed in the past (ibid). 
However, as outlined  in Kienast et al. (2004) and in Section 5.4.4, the region was probably not 
constantly Fe limited in the past.  In addition, rates of dust/Fe deposition in the North Pacific 
Ocean are known to have varied markedly during the last glacial cycle (Fig.  28c, Kawahata et 
al., 2000; Nagashima et al., 2007). The assumptions in these previous studies that an unstratified 
system would coincide with higher levels of productivity is therefore incorrect, since a model 3 
stratification regime can exist in which deep water upwelling occurs but productivity is kept low 
due to limited dust/Fe deposition (Fig. 29).
In  addition  to  these  theoretically  considerations,  the  isotope  records  used  as  indicators  of 
palaeoproductivity  and  hence  stratification  state  within  the  above  studies  are  also  open  to 
debate;  e.g., the  8 13C 0rganic  and  8 15N diatom  studies of Gorbarenko et al. (2005) and Brunelle et al. 
(2007) respectively.  Firstly,  records  of 5 13C organic  are  subject to numerous  influences  including 
both different organic sources, changes in productivity as well as changes in the DIC and the 
pC0 2  of surface waters.  Given that  large  changes in both productivity, upwelling and surface 
water pC 0 2  could have occurred over the last glacial cycle (see Fig. 30 and Section 5.4.5 below) 
records of 5 13C organic  can not be assumed to faithfully document changes in palaeoproductivity 
alone  and  consequently  distinguish  between  stratified  or  unstratified  conditions.  Similarly,
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reflect changes in nutrient utilisation.  If this is correct,  5 15N diatom  would increase in a stratified 
system,  due to reduced N availability caused by lower upwelling of nutrient rich deep water 
(ibid). Conversely, a mixed water column would be expected to decrease 8 ,5N diatom in response to 
increased NPDW upwelling and increased N availability (ibid). However, there are also other 
viable scenarios that can cause a change in  5 15N diatom.  For example, a decrease in Fe input to a 
stratified  system  (Fig.  29  model  1)  would  further  drive  the  system  towards  increased  Fe 
limitation  which  could  lower  5 15N diatom.  Similarly,  if the  system  switched  from  a  model  1  
stratified system to a model 4 unstratified system marked by high Fe deposition (Fig.  29), the 
additional  Fe  deposition  could  have  increased  diatom  productivity  to  such  an  extent,  that 
increased  diatom  demand  for  N   (increasing  8 ,5N djatom)   may  have  overridden  the  effects  of 
increased  deep  water  upwelling  (decreasing  8 15N diatom) .  This  may  be  further  complicated  by 
changes in the rates of NPDW upwelling in an unstratified system, which could cause either an 
increase or decrease in 5 15N d;atom without a corresponding change in diatom productivity/nutrient 
utilisation. Consequently, while records of 5 15N diat0m remain a valuable palaeoceanographic tool, 
the conflicting nutrient utilisation signals, in addition to the other controls on  5 15N diatom  (De La 
Rocha., 2006), introduce significant uncertainty over any interpretation.
Further concerns also exist as to the reliability of the  5 15N diatom data in Brunelle et al.  (2007). 
Firstly,  analysis of  5 15N diatom  is  susceptible to significant analytical difficulties due to  the low 
concentrations of N   organic matter within diatoms (Leng, pers.  comm.  2007).  Secondly, it has 
been documented that different analytical techniques for 8 15N diatotn  create significantly different 
results  (Robinson  et al.,  2004  (method  used  in  Brunelle  et al.  (2007));  Crosta  et al.,  2005). 
Thirdly,  diatom  samples  analysed  in  Brunelle  et al.  (2007)  were  cleaned  of diatom  organic 
coatings  by  being  placed  for  one  hour  in  a H20 2   solution.  Given  that  samples  analysed  for 
5 l8O diatom  in this thesis required a 2 week digestion period to fully remove all organic coatings, it 
is  questionable  whether  the  samples  in  Brunelle  et  al.  (2007)  contained  only  pure  diatom 
included organic matter.
5.4.5.  Palaeoclimatic implications
The North West  Subarctic Pacific Ocean represents one  end of the deep water section of the 
global thermohaline circulation.  In a stratified ocean, such as today, NPDW is prevented from 
reaching the surface. This limits the ventilation of C02  from the ocean to the atmosphere and 
causes the region to act as a net sink of atmospheric C02  (Honda et al., 2002; Chierici et al., 
2006).  In  contrast  during  an  unstratified  state,  it  is  likely that upwelled NPDW would have 
reached the  surface and released C02  into the atmosphere. The transition from unstratified to 
stratified conditions at the onset of major NHG is estimated to have reduced atmospheric pC0 2  
by 30-40 ppmv (Chapter 4, Haug et al.,  1999). Consequently, it is plausible that similar changes
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magnitude. One factor which may mitigate any carbon release during unstratified intervals, is an 
increase  in  photic  zone  productivity.  Transitions  both  into  and  out  of stratified/unstratified 
phases  in  addition to transitions between models  3  and model 4 productivity regimes  during 
unstratified intervals are therefore of potential palaeoclimatic significance (Fig. 29).
From Figure 28, it is clear that both model 3 (unstratified, low Fe deposition, low opal/diatom 
accumulation)  and model 4 (unstratified,  high Fe deposition, high opal/diatom accumulation) 
productivity  systems  operated  at  ODP  Site  882  over  the  last  200  kyr.  Transitions  from  a 
stratified  to  unstratified  model  3  productivity  system  at  ODP  Site  882  would,  in  theory,  be 
expected to increase atmospheric pC02  by 30-40 ppmv, due to deep water being ventilated at 
the  surface-atmosphere  interface  (c.f.  Haug  et  al.,  1999).  Conversely,  transitions  from  a 
stratified to unstratified (model 4) system would be expected to lead to a more muted increase in 
atmospheric pC0 2  due to the higher diatom productivity, which should act to redraw some of 
the ventilated carbon back into the deep ocean (Fig. 29). Indeed if diatom productivity increased 
sufficiently during such a transition,  it is conceivable that the region may have become a net 
sink of atmospheric C02. A transition from an unstratified model 3 to an unstratified model 4 
system would be expected to lead to a decrease in the release of any C02, due to the increase in 
diatom productivity that would accompany any such shift (Fig. 29).
A comparison of actual changes in the potential density at ODP Site 882 to Vostok (Antarctica) 
records of C02  indicates a moderate relationship between the stratification/productivity regime 
and atmospheric pC0 2  (Fig.  30).  The unstratified interval at c.  195-189 kyr BP is  associated 
with a period of higher pC0 2  concentrations of 220-240 ppmv.  Following the transition to  a 
stratified  phase  in  which  the  halocline  would  have  limited  any  upwelling  of  deep  water, 
atmospheric pC0 2  decrease, as predicted above,  by c.  30 ppmv. No conclusions can be made 
over the  next 40  kyr due  to  an  absence  of 5 18O diatom  data.  However,  given  the  low  levels  of 
atmospheric pC0 2  through this  interval,  it would be interesting to assess whether a stratified 
water column existed during this period.  The development of an unstratified system at c.  127 
kyr BP,  a period of low diatom productivity,  coincides  with the  onset  of the  last  interglacial 
(MIS  5e)  and  a  c.  100  ppmv  increase  in  atmospheric pC02.  Of interest,  is  the  subsequent 
transition  to  a  model  4  productivity  system  at  105-90  kyr  BP.  This  interval  is  marked  by 
increased  diatom  productivity  and  a  period  of  reduced  atmospheric  pC0 2   concentrations, 
culminating with a marked decrease in pC02  from c. 94-90 kyr BP to c.  210 ppmv. However, 
given  that  the  overall  increase  in  diatom/opal  productivity  is  only  moderate,  peaking  at  1.6 
g/cm2  (Fig 30b), it remains uncertain to what extent the higher productivity in the region could 
have counteracted the effects of deep water ventilation and re-sequestered carbon back into the 
deep ocean. This reiterates that while the North West Pacific Ocean may have potentially played
113/205an important role in changing atmospheric pC0 2, the overall contribution is almost certainly less 
significant than that from other sources, such as the Southern Ocean.
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Figure 30: A) Reconstructed surface water densities with light grey shaded intervals indicating 
an unstratified water column and dashed lines representing changes in the halocline boundary 
potential  density.  Star  symbols  indicate  unstratified  intervals  which  are  within  the  limits  of 
uncertainty  for  the  potential  density  calculations.  B)  Opal  MAR  (Haug,  1995)  with  model 
numbers  indicating productivity  regime.  C) pC02  records  from Vostok  (Anklin  et al,  1997; 
Petit et al.,  1999).  Dark grey shading between B and C  indicate periods of high productivity 
during unstratified events (model 4 productivity regime).
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MAR  decrease  while  atmospheric pC0 2   increase  by  c.  35  ppmv  (Fig.  28,  30).  Since  this 
increase  in pC 02   can not  originate  from the North West Pacific  Ocean,  due to  the  stratified 
water column,  an  alternative  process/source  region  such  as  the  Southern  Ocean  or terrestrial 
biosphere must be leaking C02  to the atmosphere. In a further diversion away from the changes 
predicted  above,  the  transition  to  an  unstratified  interval  at  c.  74  kyr  BP  is  marked  by 
decreasing,  not  increasing,  atmospheric pC0 2   concentrations.  Since  opal  MAR are  again not 
exceptionally high at ODP Site 882 during this model 4 regime, it is unlikely that the decrease 
in pC0 2   is  related  to  an  increased  efficiency  of the  North  Pacific  Ocean  biological  pump. 
However,  the transition  from a model 4 to a model 3  productivity  system at c.  64 kyr BP is 
marked  by  a  c.  30  ppmv  increases  in  atmospheric  pC0 2,  which  may  reflect  the  reduced 
biological draw-down of C02  in the region (Fig. 30). The subsequent transition from a model 3 
to model 4 unstratified system at c. 54 kyr BP is then marked by a c. 30 ppmv decrease in pC02. 
This might again reflect the increased biogenic productivity in the region and associated carbon 
draw-down.  Atmospheric pC02   remains  low  during  the  stratified  interval  which  covers  the 
remainder  of  MIS  3/2.  At  the  last  glacial-interglacial  transition,  when  atmospheric  pC02  
increase by c.  100 ppmv, the region reverts briefly to an unstratified state. This suggests that the 
region may have played a key role,  alongside other sources,  in increasing atmospheric pC02  
over the onset of the Holocene.
5.4.5.1.  Carbon release/drawdown
Palaeoclimatic research has been heavily devoted over the  last decade towards understanding 
past controls on atmospheric concentrations of pC 0 2  over glacial-interglacial cycles. Currently, 
no mechanism or series of mechanisms has been able to explain the full 80-100 ppmv variability 
in  atmospheric pC02   over glacial-interglacial cycles  (Anklin  et al.,  1997;  Petit  et al.,  1999). 
Within  palaeoceanography,  recent  studies  have  focused  on  the  role  of the  Southern  Ocean 
biological pump. However, other source regions of pC02  must also exist (Kohfeld et al., 2005). 
While  other  sources/mechanisms  have  been  proposed,  including  the  mid-latitude  biological 
pump and the terrestrial biosphere/reservoir (e.g., Broecker,  1982a,b; Adams et al.,  1990; Bird 
et al.,  1994;  Crowley,  1995;  Marchitto  et al.,  2007),  a  significant  proportion  of the  glacial- 
interglacial pC0 2  variability remains unexplained.
While  by  no  means  conclusive,  with  evidence  here  showing  apparent  correlations  between 
changes in the North West Pacific Ocean stratification state and changes in atmospheric pC02  
(Fig.  30), a further source of this C02  variability may have been found. Given that changes in 
the stratification state have previously been suggested to lead to changes of 30-40 ppmv (Haug 
et al.,  1999),  25% of the total  glacial-interglacial variability,  such a proposal does not appear
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Ocean,  it  nevertheless  potentially  represents  an  important net  control  on  global  atmospheric 
pC0 2  and global climatic conditions. In particular, if it is assumed that the net contribution of 
the region to the atmosphere during a transition from a stratified to unstratified state is on the 
order of 30-40 ppmv, then changes in the North Pacific Ocean alone are sufficient to explain 
many of the smaller, c. 20-30 ppmv, variations in C02  which occurred in the past (Anklin et al., 
1997; Petit et al.,  1999). Furthermore, with the exception of transitions at c. 90 kyr BP and c. 74 
kyr BP, all changes between stratified/unstratified intervals and all transitions between model 3 
and model 4 productivity systems appear synchronous with predicted changes in atmospheric 
pC0 2   concentrations.  Consequently,  whilst  it  remains  unclear  as  to  whether  changes  in  the 
North Pacific Ocean led or lagged any initial change in atmospheric pC0 2, evidence here opens 
the  possibility  that  the  North  West  Pacific  Ocean  may  have  played  a  significant  role  in 
regulating past global atmospheric concentrations of  pC 0 2. However, it should be noted that this 
can not be truly verified in the absence of a surface water pC0 2  record and a higher resolution 
5l8Odiatom/potential density record to better investigate the occurrence, timing and mechanism of 
stratification changes in the region.
5.4.6. Future work
Future work at ODP Site 882 over the last 200 kyr is required to increase the resolution of  the 
51 8 Odiatom   record  in  the  >100  pm  fraction.  As  stated  above,  the  higher  resolution  38-75  pm 
fraction can not be used for palaeoceanographic reconstructions due to the multiple diatom taxa 
and consequently the possible isotope species/vital effects within it. However, the large 51 8 Odiato m  
fluctuations in the 38-75 pm fraction may suggest additional stratification changes beyond those 
indicated  here  by  the  >100  pm  fraction  (Fig.  23).  Establishing  a  higher  resolution  5l8O diatom  
record in the >100 pm fraction would also be  important in confirming the precise timing of the 
stratification  changes.  This  is  necessary  both  in  order  to  understand  the  mechanisms  which 
control these transitions and in order to establish whether stratification changes led or followed 
global climatic changes in pC0 2. Additionally, in order to verify the conclusions here as to the 
possible role of the region in contributing towards past variations in atmosphere pC0 2, a direct 
record of surface water pC0 2  is required. This information could, for example, be obtained from 
51 3 C measurements of the intrinsic organic matter within diatoms or alkenones to reconstruct ep 
(e.g., Popp et al., 1989). Such work could also be complemented by analysing 530Sidiatom  to better 
understand  past  changes  in  nutrient  utilisation  and  nutrient  delivery  to  the  photic  zone. 
However,  given  the  low  sediment  diatom  concentrations  over  the  last  200  kyr  and  the 
difficulties in extracting sufficiently pure diatom material for isotope analysis, it has not proven 
possible to measure either 51 3 Cdiatom  or 830Sidiato m  within the time-frame of this research. Alkenone 
based measurements of pC0 2  may also be complicated by the low amounts of organic carbon 
within the sediment record.
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possible analogue to the Holocene (Loutre and Berger 2003). Evidence both within this study 
and  elsewhere  (e.g.,  Samthein  et  al.,  2004)  indicates  that  the  Holocene  was  marked  by  a 
stratified water column. This compares with results here showing an unstratified water column 
during MIS 5  and possibly during MIS 7 (Fig.  30). It is therefore necessary to assess whether 
the Holocene reflects a unique palaeoceanographic period within the Earth's recent history, or 
whether MIS  11  was also marked by a similar halocline driven stratification.  Finally, work is 
also required to assess the spatial covered of the changes observed here. This is needed to assess 
whether the reconstructed changes at ODP Site 882 simply reflect a highly localised signal, or a 
signal  indicative  of changes  across  larger sections  of the North Pacific  Ocean.  For example, 
evidence  in  McDonald  et al.  (1999)  opens  the  possibility  that  significant  ocean-atmosphere 
drawdown of C02  may have occurred at least in the North East Pacific Ocean during the last 
glacial period.
S.5.  Conclusions
Measurements  of 51 8 Odiatom   from  the >100  pm  fraction  at ODP  Site  882  indicates  significant 
changes in salinity and surface water palaeoceanographic conditions over the last 200 kyr with 
fluctuations  of up  to  13%o.  With  the  >100  pm  size  fraction  dominated  by  a  single taxa,  C. 
radiatus,  the  presence  of  vital/species  effects  can  be  largely  ruled  out.  Potential  density 
calculations indicate up to four intervals over the last 200 kyr when densities in the photic zone 
would  have  been  sufficient  to  generate  overturning,  causing  a  transition  from  stratified  to 
unstratified conditions. Furthermore transitions into an unstratified water column, together with 
transitions  between  model  3  and  model  4  productivity  systems,  appear  synchronous  with 
changes in atmospheric pC0 2. However, whilst evidence points towards the North West Pacific 
Ocean as having had a, previously unrecognised, significant impact on atmospheric pC0 2, this 
can  not  be  verified  in  the  absence  of an  independent record  documenting  actual  changes  in 
surface water pCOi.
The current,  low resolution, nature of the 51 8 O diatom  record also prevents the development of a 
precise relationship between the timing of these water column changes and possible changes in 
global  climatic  conditions.  Whilst  a broad relationship  over  long timescales  appears  to  exist 
between  increased  deep  water  ventilation  and  higher  atmospheric  pC0 2   concentrations,  it 
remains to be seen whether similar changes occurred over millennial timescales. Assessing this, 
however,  may  be  important  in  further understanding  the  large,  60 ppmv,  variations  in pC02  
which took place during the last glacial period (Anklin et al.,  1997; Petit et al.,  1999). Future 
work at this site is therefore required to improve the temporal resolution of the 8 l8O diatom record 
in order to better understand the timing and number of stratification changes in the North West
117/205Pacific Ocean and their possible impact on both global and local climatic events. In addition, an 
actual  record  of changes  in  surface  water pC02   is needed to  verify both the  occurrence  and 
magnitude of surface water pC 02  changes during unstratified intervals.
118/205Part 2: Biogenic silica concentrations
Introduction
An  original  aim  of the  thesis  was  to  examine  the  potential  of using  530Sidjatom   as  a  tool  for 
reconstructing  palaeoceanographic  changes  within  the  marine  silicon  cycle  (De  La  Rocha,
2006). However, due to difficulties in setting up a line for 530Sidiatom, no such measurements were 
obtained  during  the  PhD.  Over  the  next  decade,  it  is  likely  that  the  number  of  530Sidiatom  
measurements will expand considerable as increasing numbers of laboratories develop and set 
up systems for it's analysis (e.g., Brzezinski et al., 2006). This is believed to be crucial given the 
key  role  of the  global  silicon  cycle,  and  in  particular  the  biogeochemical  silicon  cycle,  in 
controlling  changes  in  atmospheric pC02   (Conley,  2002).  Despite  this,  in  any  eventuality  it 
remains likely that the number of 530Sidiatom   measurements in a given core  section will always 
remain  low.  This  is  due  to  the  complexity  of extracting  sufficient  clean  diatom material  for 
isotope analysis and the competing demand for measurements of both 518Odiat0m  and 830Sidiatorn. At 
present,  with  the  exception  of the  facility  at  the NERC  Isotope  Geosciences  Laboratory,  all 
laboratories are only able to analyse 81 8 Odiatom  or 530Sidiatom. As such, while in some instances the 
amount  of  pure  diatom  material  that  can  be  extracted  may  be  sufficient  for  separate 
measurements  of both  818O djatom  and  530SidiatO m,  in  the  majority  of cases  it  is  likely  that  the 
investigator  will  have  to  choose  whether  5 18O diatom   or  530Sidiatom  is  analysed.  These  issues  are 
likely to be  further exemplified  at  sites/samples  which are  low in diatom concentrations  and 
where a demand also exists for the isotope analysis of the included organic matter with diatoms 
(51 3 Cdiatom  and 5,5Ndiatom ) (see reviews in De La Rocha, 2006).
Within  the  context  of  530SidiatO m,  information  on  the  silicon  cycle  in  lacustrine  and  marine 
systems can also be obtained through measurements of sedimentary concentrations of Biogenic 
Silica (BSi).  Indeed over the past 20-30 years,  investigations into the silicon cycle have been 
primarily  based  on  measurements  of sedimentary  BSi.  Measurements  of BSi,  however,  are 
usually  reflective  of  changes  in  surface  water  productivity  (Conley  and  Schelske,  2001), 
whereas  measurements  of 530Sidiatom  document  rates  of silicic  acid  utilisation  or  input  to  the 
photic zone (De La Rocha, 2006).  Despite this difference, both records potentially provide an 
important and complementary insight into changes in the global and regional silicon cycle, rates 
of diatom/siliceous  microfossil  productivity  and  consequently  the  role  and  response  of the 
biological pump to palaeoclimatic events (e.g, Brzezinski et al., 2002). It is therefore viable that 
future  investigations  into  the  silicon  cycle  will  involve  a hybrid  approach  comprised  of low 
resolution  530Sidiatom  measurements,  for samples  where  sufficient quantities  of diatoms  can be 
extracted for isotope analysis, with higher resolution BSi measurements between 630Sidiato m  data 
points. One major advantage in analysing BSi over 530SidiatO m  is the relative simplicity, speed and 
reduced financial costs associated with it. This is particularly true for wet-alkaline digestion BSi
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measurements of 530Sidiatom  become more commonplace and even if it becomes viable to analyse 
smaller samples sizes, it is likely that the overall number of BSi measurements will remain high. 
Given  this,  it  is  therefore  relevant  to  examine  the  reliability  of BSi  measurements  used  in 
palaeoenvironmental reconstructions. Three main issues may potentially affect the reliability of 
BSi measurements:
1)  sediment winnowing/focusing, resulting in BSi concentrations not reflecting changes in 
overlying surface water productivity;
2)  inaccurate corrections for levels of non-BSi simultaneously digested alongside sources 
of BSi in wet-alkaline digestions, resulting in an over-estimation of the true amount of 
BSi within a sediment sample;
3)  high frustule dissolution, which may act to remove BSi from diatoms in the sedimentary 
record and thereby lead to an underestimation of true BSi concentrations.
The  issue  of sediment  winnowing/focusing  has  been  widely  discussed  within  the  literature, 
particularly within the context of marine systems and the “opal paradox” of the Southern Ocean 
(e.g., Pondaven et al., 2000). As such, many studies have demonstrated the importance at some 
localities of normalising BSi fluxes using, for example, 230Th (ibid). Issues of diatom dissolution 
and  non-BSi  corrections,  however,  have  yet  to  be  widely  considered  within  the  context  of 
palaeoenvironmental reconstructions and/or are currently regarded as being negligible in terms 
of affecting BSi measurements. Part 2 of the thesis aim to examines these issues in more detail 
in order to assess  their impact on the accuracy of BSi measurements  in palaeoenvironmental 
reconstructions.
Chapter 6 outlines the background of BSi measurements before assessing the potential for more 
accurate BSi measurements to be derived through a sequential Si/Al extraction procedure which 
directly  considers  and  accounts  for  sources  of  non-BSi  leached  during  the  wet-alkaline 
digestion.  In  Chapter 7  the  sequential  Si/Al  technique  is  applied to two  sediment cores  from 
Lake  Baikal,  where  wet-alkaline  measurements  of BSi  have  been  pivotal  in  elucidating  the 
palaeoenvironmental  history  of the  local  region.  Finally,  in  Chapter  8,  the  issue  of diatom 
dissolution  is  addressed  by  analysing  a  glacial  sequence  from  Lake  Baikal,  which  is 
characterised  by  large  numbers  of highly  dissolved  diatoms.  Within  Chapter  8  all  BSi  and 
diatom measurements, excluding diatom biovolume measurements, were made during a NERC 
MSc  studentship.  All  diatom  biovolume  measurements,  interpretations  and  discussions 
presented within the chapter, however, were carried out during the PhD and do not appear in any 
MSc related work or thesis.
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6.1.  Introduction
Measurements  of sediment  Biogenic  Silica  (BSi)  concentrations  provide  a valuable  tool  for 
reconstructing past environmental changes and events at both marine and lacustrine sites. With a 
strong relationship between BSi and primary productivity in the water column, measurements of 
BSi  can  often  be  interpreted  as  a  record  of surface  water productivity  (Nelson  et al.,  1995; 
Ragueneau et al., 2000). Measurements of BSi also often represent a more pragmatic approach 
to obtaining accurate estimates of oceanic and lacustrine palaeoproductivity, due to its order of 
magnitude  higher  preservation  than  that  for  organic  carbon  (Berger  et al.,  1989).  As  such, 
analysis  of  BSi  concentrations  has  enabled  an  insight  into  large  scale  palaeoclimatic  and 
palaeoenvironmental events (e.g., Haug et al.,  1999; Cortese et al., 2004), including the role of 
the biological pump in, for example, modulating oceanic draw-down of pCOi (Broecker,  1982a; 
Harrison, 2000; Ragueneau et al., 2000, 2006; Dugdale et al., 2004; Kemp and Dugdale, 2006).
One problem with analysing sedimentary concentrations of BSi is the absence of a standardised 
methodology for its determination in aquatic systems. Various techniques exist including X-Ray 
Diffraction  (XRD)  (Goldberg,  1958;  Calvert,  1966;  Eisma  and  Van  der  Gaast,  1971), 
diatom/microfossil point counting (Leinen,  1985; Pudsey,  1992), infrared spectroscopy (Chester 
and Elderfield,  1968; Frohlich,  1989), normative calculation of mineral silicates (Leinen,  1977) 
and wet-alkaline digestion (Hurd,  1972; De Master, 1979,  1981; Eggiman et al., 1980; Mortlock 
and Frohlich,  1989;  Muller and Schneider,  1993;  Lyle and Lyle, 2002).  Of these wet-alkaline 
digestions, in which the sediment sample is dissolved in an alkaline solution and then analysed 
for Si, are most commonly used due to the methods simplicity and perceived robustness relative 
to other techniques (De Master,  1981; Conley,  1998; Conley and Schelske, 2001; Sauer et al., 
2006).
At present, several variations of wet-alkaline digestion techniques exist (see review in Sauer et 
al., 2006). Most, however, follow either a timed sequential extraction (De Master  1979;  1981) 
or a single-step approach (Mortlock and Frohlich 1989). A feature of all wet-alkaline digestions 
is  the non-BSi  simultaneously digested alongside  sources  of BSi.  Either all  Si  is assumed to 
originate from sources of BSi with no/negligible non-BSi contributions (single-step digestion) 
or  concentrations  of digested  non-BSi  are  corrected  for  (timed  sequential  extraction).  In  a 
single-step  digestion,  for  sediments  in  which  all  BSi  originates  from  diatoms,  samples  are 
digested  in  an  alkaline  solution  for  5  hours with  all  dissolved  Si  at this  interval  assumed to 
originate  and  be  representative  of the  total  amount  of BSi  within  the  sample.  In  the  timed 
sequential  extraction  method,  measurements  of dissolved  silicon  in  the  alkaline  solution  are 
taken  at hourly  interval between 2  and  5  hours  of sample digestion  (De Master  1979,  1981; 
Conley  and  Schelske,  2001).  A  least-squares  regression  of Si  against  time  is  then  used  to
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assumption of the  Si/time  approach,  is  that the release of non-BSi is constant throughout the 
course of digestion (De Master 1979,  1981). Recent work, however, has shown the rate of non- 
BSi  release  to  be  significantly  greater  during  the  first  two  hours  of digestion;  indicating  a 
parabolic,  not  linear,  kinetic  release  of  non-BSi  over  time  (Schltiter  and  Rickert,  1998; 
Kamatani and Oku, 2000; Koning et al., 2002). Consequently, applying a conventional Si/time 
correction to correct for non-BSi likely results in an over-estimation of the true amount of BSi, 
particularly  in  samples  low  in  BSi  where  the  relative  contributions  from  sources  of non-BSi 
may be high.
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Figure  31:  Theoretical  dissolution  curve  (solid line) of Si  (or Si02) from a sediment  sample, 
containing  a  mixture  of  diatoms  and  clays/aluminosilicates,  during  the  first  five  hours  of 
digestion. Following c.  1-2 hours, full digestion of BSi is achieved. Short dashed line indicates a 
least-squares  linear  regression  of  the  analysed  samples  to  the  y-intercept,  enabling  the 
separation  of BSi  from  sources  of mineral/non-BSi  (De  Master  1979;  1981).  Figure  adapted 
from De Master (1979) and Conley and Schelske (2001).
6.1.1. Si/Al measurements o f  BSi
A more accurate method for performing non-BSi correction in wet-alkaline digestions may lie in 
an  examination  of Al  concentrations within the  digested solution (Eggimann  et al.,  1980).  In 
alkaline  digestions,  strong  linear  relationships  have  previously  been  observed  between  the 
release  of  Si  and  Al  from  a  range  of  clays  including  allophane,  kaolinite,  illite  and 
montmorillonite  (r  =  0.988,  0.998,  0.994,  0.997  respectively)  (Kamatani  and  Oku,  2000). 
Higher-resolution,  one  second,  measurements  also  indicate  that  these  relationships  are 
established within the first 10 minutes of digestion (Koning et al., 2002). As such, by assuming 
that concentrations of Al in sources of BSi are negligible, concentrations of digested Al can be 
directly  linked  to  and used to  correct  for the  digestion  of non-BSi  into  the  alkaline  solution 
(Kamatani  and  Oku,  2000;  Koning  et al.,  2002).  Within  wet-alkaline  BSi  measurements, Al
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Si/Al ratios from catchment or clay standard can be applied to digested sample concentrations 
of Si and A1 in order to calculate BSi  (e.g., Eggimann et al.,  1980; Carter and Colman,  1994; 
Colman,  1998).  Although  issues  have  been  raised  over  whether  modem  Si/Al  ratios  are 
indicative of fossil clay ratios (Eggiman et al.,  1980), it is unlikely that palaeoclimate changes 
and other factors could have altered sediment Si/Al ratios sufficiently to distort these non-BSi 
corrections (Colman, pers. comm. 2005). Alternatively, Si/Al ratios can be used to calculate non- 
BSi  corrections  through  a  double  leachate  procedure,  following  an  initial  four  or  five  hour 
alkaline  digestion  (Eggimann  et  al.,  1980;  Ragueneau  et  al.,  2005),  or  through  a  single 
sequential extraction (Schliiter and Rickert,  1998; Kamatani and Oku, 2000), which allows the 
non-BSi Si/Al ratio to be calculated for each sample.
Recent work has focused on the single sequential Si/Al technique due to the method's relative 
simplicity compared to the double leachate procedure, which requires recovering and drying a 
sample following an initial alkaline digestion, and due to the method's direct accountability for 
digested concentrations of non-BSi. As stated above, the release of Si and Al from the sediment 
into the alkaline solution after complete BSi dissolution can be directly linked to the Si/Al ratio 
of the leached non-BSi.  Within a typical sediment sample in which diatoms are the dominant 
source of BSi, BSi dissolution would be expected to be complete within  1-2 hours, leading to 
the appearance of near-constant dissolved Si/Al ratios from c.  3-4 hours onwards (Fig.  32). In 
the sequential Si/Al method, by establishing the rate at which Si and Al are released following 
complete  BSi  digestion,  and  as  such  the  Si/Al  ratio  of  digested  non-BSi,  a  Si/Al  linear 
regression to the y-intercept can be performed to separate out the non-BSi phase and to calculate 
the amount of BSi within the sample (Fig. 33) (Kamatani and Oku, 2002).
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Figure 32: A) Theoretical evolution of dissolved Si/Al ratios in the alkaline solution over time. 
For samples containing non-diatom forms of BSi, such as radiolarian, constant Si/Al ratios may 
appear after 6-12 hours of digestion, depending on the strength of the alkaline solution used.
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Figure  33:  Assuming  a  linear  relationship  in  the  release  of  Si  and  Al  from  non-BSi,  BSi 
concentrations  can  be  calculated  using  a  linear  regression  to  the  y-intercept  between 
concentrations of dissolved Si (or Si02) and Al (or AI2O3) once BSi dissolution is complete.
To  date,  studies  examining  the  potential  of this  Si/Al  sequential  extraction  approach  have 
focused on analysing marine surface sediment material with digested Si and Al concentrations 
measured  during  the  first  1-2  hours  of  sample  digestion  (e.g.,  Kamatani  and  Oku  (2000), 
Koning et al.  (2002) and Ragueneau et al.  (2005)).  If concentrations of Al  are to be used to 
correct for non-BSi, however, it is essential to consider the Si/Al relationship only once all BSi 
is fully digested. In fresh samples, particularly those dominated by diatoms, BSi dissolution is 
likely  to  be  rapid,  c.  20-100  minutes.  However,  from  a palaeoenvironmental  perspective the 
dissolution of BSi into an alkaline solution is dependent upon a variety of factors including age, 
type of BSi and nature of sample preservation (Lyle and Lyle, 2002). Because of this, it is more 
desirable for sequential Si/Al corrections to be derived after at least two/three hours or longer 
periods of digestion.  For example in marine  samples where sponges spicules and radiolarians 
are present,  full  BSi digestion may only occur after  10-11  hours (Conley and Schelske, 2001; 
Lyle and Lyle, 2002).
Here,  within this chapter,  wet-alkaline derived BSi concentrations are measured at a range of 
marine  and  lacustrine  sites  using  Si/Al  ratios  to  correct  samples  for simultaneously  digested 
concentrations of non-BSi. Particular attention is made towards samples known to be low in BSi 
due to the increased relative amount of Si in these samples which may originate from sources of 
non-BSi.  In addition, it is ensured that Si and Al measurements are only taken after complete 
BSi  digestion.  By using  Inductively  Coupled Plasma Emission  Spectrometry (ICP-AES),  the 
potential  for  deriving  more  accurate  non-BSi  corrections  from  Si/Al  ratios  is  evaluated
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concentrations of digested Si are considered. To complement earlier work which has focused on 
fresh  sediment,  older  aged  material  is  also  examined.  In  addition,  the  potential  for  other 
elemental concentrations to be used in generating non-BSi corrections is also assessed.
6.2.  Samples and methodology
Samples  were  collated  from  marine  and  lacustrine  sites  which  cover  the  range  of  BSi 
concentrations generally analysed for palaeoclimatic purposes (Table  10). Particular emphasis 
was  placed  on  three  samples  (C1-C3)  previously  analysed  within  the  BSi  inter-laboratory 
comparison study of Conley (1998). In addition, pure diatom material from ODP Site 882 was 
also analysed to determine the elemental composition of pure opal (Table 10).
Table  10: Information and site location details for samples analysed in this study together with 
alkaline solutions used for sample digestion.
Sample  Environment Site  Sample age Solution
Cl Lacustrine Still  pond,  Chesapeake  <20 years 
Bay, Virginia, USA
1% Na2C03
C2 Lacustrine Lewis  Lake,  Grand  <20 years 
Teton  National  Park,
WY, USA
1% Na2C03
C3 Coastal R-64,  Chesapeake  Bay,  <20 years 
Virginia, USA
1% Na2C03
EQ1 Marine East  Equatorial  Pacific  Homogenised core samples (c.  l%Na2 C03  
(ODP Site 1256)  2.0 Ma)
EQ2 Marine East  Equatorial  Pacific  Homogenised core samples (c.  2-M KOH 
(ODP Site 1256)  2.0 Ma)
LB1 Lacustrine Lake Baikal, Russia  MIS 3 (50.2 kyr BP) 1% Na2C03
LB2 Lacustrine Lake Baikal, Russia  MIS 3 (25.2 kyr BP) 1% Na2C03
D Marine
diatoms
North  West  Pacific  2.8 Ma 
(ODP Site 882)
0.5-M KOH
Following  Conley  and  Schelske  (2001)  and  De  Master  (1979,  1981),  30  mg  of freeze-dried 
samples  were  weighed  into  flat  bottomed  acid-washed  bottles  containing  40  ml  of alkaline 
solution  (Table  10),  within  the  acceptable  sample-solution  ratios  for  wet-alkaline  digestions 
proposed by Gehlen and van Raaphorst (1993). Samples were immersed in a waterbath heated 
to 85°C and periodically shaken throughout the digestion period to ensure full exposure of the 
sediment to the solution. A recent debate has arisen over the need to pre-treat samples with HC1 
and  H20 2   prior  to  digestion  in  order  to  removal  newly  formed  aluminosilicates  and,
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pre-treatment stage has only been demonstrated in soil  samples  (Saccone  et al., 2006).  Since 
existing aquatic system BSi techniques both use (Mortlock and Frohlich,  1989) and do not use 
(De Master,  1979;  1981, Conley and Schelske, 2001) pre-treatment stages, and since previous 
studies have demonstrated similar results between the two techniques (Conley,  1998), it further 
seems  unlikely that there  is  a significant  advantage in  such  a pre-treatment  stage  for aquatic 
samples.  It  has  also  been  established  that  errors  and  poor  levels  of reproducibility  in  BSi 
measurements are most often caused by “human error”, such as may occur during the weighing 
out of samples and solutions (Conley and Schelske, 2001). With any pre-treatment necessitating 
the need for several weighing out stages and the recovery of small, <40 mg,  samples without 
any loss of BSi, it seems wise to avoid any pre-treatment stage whenever possible. As such, no 
pre-treatment stage is used within this study.
For  wet-alkaline  BSi  measurements,  a  single  alkaline  digestion  is  normally  required  per 
sediment  sample  with  c.  1-2  ml  of the  solution  taken  at  timed  intervals.  Here  this  was  not 
possible due to the need for up to 5  ml of solution in order to analyse all the intended trace 
elements via ICP-AES. Continuing digestion after the removal of 5 ml of solution would have 
lowered sample-solution ratios below those recommended by Gehlen and van Raaphorst (1993). 
Consequently,  a  single  alkaline  digestion  was  undertaken  for  each  timed  aliquot  of a  given 
sediment sample. All digestions were run in duplicate with reaction times varying from 1   to  13 
hours,  except  for sample  EQ2  when  duplicate  data was  not  available  for the  9  and  13  hour 
digestion aliquots  due to ICP-AES  analytical difficulties.  Following sample digestion, bottles 
were immediately centrifuged at 1,500 rpm for five minutes with c. 20 ml aliquots subsequently 
decantered into a further set of vessels, thereby removing any undigested material. All aliquots 
were immersed in a cold waterbath awaiting analysis to further minimise the risk of leaching 
from  any  remaining  suspended  particles.  Whereas  some  laboratories  employ  a  weak  HC1 
solution to neutralise the alkaline solution following sample digestion (see Conley and Schelske, 
2001), here this stage is left out to avoid diluting samples beyond ICP-AES detection limits.
Sample  aliquots were assessed for dissolved Al,  Ba,  Ca,  Fe, Mn, P,  Si and Ti, using a Jobin 
Yvon  Ultima  C  ICP-AES  in  the Analytical  Geochemistry  Laboratories  at  Boston  University 
with  results  corrected  for  analytical  drift  and  elemental  concentrations  in  procedural  blanks. 
ICP-AES permits faster analysis of samples than is achievable through conventional methods, 
such  as  molybdate  blue,  while  enabling  a  range  of  other  elemental  concentrations  to  be 
simultaneously  analysed  and  the  avoidance  of issues  of polymerisation.  Prior  to  ICP-AES 
analysis, aliquots were removed from the waterbath and allowed to warm to room temperature. 
Synthetic standards used during ICP-AES were constructed and matrix matched using the same 
alkaline  concentrations  as  for  the  analysed  samples  (Table  10).  Solutions  were  spiked  with
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cover the  range  of concentrations  expected  in the  digested  samples.  Calibration curves  were 
constructed with no less than five standards, and all correlation coefficients exceeded 0.999.
6.3.  Results and discussion
6.3.1.  Analytical results
ICP-AES analytical reproducibility for all elements were low and are presented in Table 11.
Table 11: ICP-AES analytical reproducibility
Element  Concentration (ppm)
Al 0.03
Ba 0.04
Ca 0.09
Fe 0.02
Mn 0.01
P 0.02
Si 0.46
Ti 0.01
6.3.2.  Diatom trace element concentrations
Concentrations  of Ba,  Ca,  Fe,  Mn,  P and Ti  within  the  analysed pure  diatom material  were 
negligible (Table  12). This, combined with equally low concentrations from sediment samples, 
less than 0.1 wt.% for all elements except for Ca which displayed slightly higher concentrations 
of  up  to  0.2  wt.%,  highlights  the  unsuitability  of  these  elements  for  deriving  non-BSi 
corrections. As such these elements are not considered further.  In contrast,  levels of Al were 
both  negligible  within  diatoms  (Table  12)  and  high  within  digested  sediment  samples  (see 
Appendix), highlighting the potential for Al to be used as a tracer for non-BSi digestion.
Table 12: Trace elements in pure diatoms from ODP Site 882, North West Pacific Ocean (n=5).
Element  Concentration (wt. %)
Al 0.34 ± 0.006
Ba 0.02 ±0.001
Ca 0.08 ± 0.008
Fe 0.12 ±0.010
Mn 0.01 ±0.000
P 0.00 ± 0.000
Ti 0.01 ± 0.000
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As predicted (Fig.  32), samples Cl, C2 and C3  show a rise and peak in dissolved Si/Al ratios 
during the first 2 hours before falling to a constant ratio from 3-4 hours onwards (Fig. 34a). An 
essential  part of wet-alkaline  digestions  is  the  recovery  and visual  analysis  of the remaining 
sediment to confirm full BSi dissolution. Alternatively, BSi dissolution can be verified through 
examination of the slope of Si increase over time (Conley and Schelske, 2001). Here, changes in 
a  sample’s  dissolved  Si/Al  ratio  over  time  can  provide  similar  information  whilst  also 
confirming that a linear relationship  exists between the release of Si and Al  from sources  of 
non-BSi. Although laboratory experiment have indicated that the release of Si and Al from clays 
is linear (Kamatani and Oku, 2000; Koning et al., 2002), it is important to verify this as far as 
possible in each sample due to this linearity being an essential assumption of Si/Al derived non- 
BSi  corrections.  Whilst  this  can  only be  done  at a low resolution  from the  four hour period 
onwards,  such  checking  may  still  identify  possible  instances  of non-linear  non-BSi  Si/Al 
release. Consequently here, Si/Al corrections are only derived from the 4 hour period onward.
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Figure 34: A) Si/Al ratios for samples Cl, C2 and C3. B) Sequential Si0 2/Al20 3 corrections for 
concentrations of digested non-BSi.
Use of the sequential Si/Al methodology to measure BSi assumes:
1)  a constant linear relationship between the digestion of Si and Al from sources of non-BSi;
2)  changes  in dissolved concentration of Si  and Al  after four hours of digestion are  entirely 
related to  and representative  of non-BSi release throughout the entire digestion procedure. 
For samples containing other forms of BSi which take longer to digest, such as radiolarians,
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3)  all Al  digested  during  the  alkaline  extraction  originates  from  non-BSi  with  negligible/no 
contributions from sources of BSi.
Conventional  Si  single-step  and  Si/time  measurements  for  the  inter-laboratory  lacustrine 
samples C1-C3 produces BSi values within the range reported by Conley (1998) (Table  13). A 
Si/Al  least-squares  linear regression  on  measurements  from  4-6 hours  produces  significantly 
lower  BSi  values  compared  to  those  obtained  from  the  Si  single-step  and  Si/time  sequential 
extractions in which only digested Si concentrations are considered (Table 13, Fig. 34b).
Table  13:  Previously published BSi measurements  from conventional  Si only  single  step and 
Si/time sequential extractions together with BSi values calculated here.
Sample
Conley (1998)*+ Calculated here**
Single-step* Si/time** Single-step* Si/time** Si/Al method Change (%>) 
***
Cl 2.40 ±0.41 2.27 ±0.34 2.57 2.45 ±0.31 1.89 ±0.27 24.9
C2 42.4 ±2.81 44.9 ± 3.10 42.73 41.45 ±4.21 35.86 ±3.56 14.8
C3 6.13 ±0.23 5.39 ±1.43 7.05 5.99 ±0.86 5.99 ±0.83 8.1
Calculated here**
LB1
N/A
4.74 4.36 ±0.93 0.45 ±0.73 90.1
LB2 1.99 1.71 ±0.23 0.81 ±0.38 56.2
Calculated here**
EQ2 N/A 8.65 7.85 ±1.23 2.22 ±1.77 73.1
+:  Reported errors  are ±  1   standard deviations  about the mean  for all  analysed  samples  (see 
Conley, (1998)).
++: Reported errors are linear regression standard errors for the calculation of the intercept.
*: Amount of Si  digested after five  hours  of digestion  with no  correction  for non-BSi  (after 
Mortlock and Frohlich, (1989)).
**:  Si/time  least  squares  linear regression  applied  to  correct  samples  for  non-BSi  (after  De 
Master (1979; 1981)).
***: Change in BSi between the sequential Si/Al approach and the mean value of the Si single- 
step and Si/time measurements calculated here.
In contrast to existing studies which argue for no significant difference between conventional Si 
only and sequential Si/Al measurements of BSi (Schliiter and Rickert 1998, Kamatani and Oku 
2000), here Si/Al corrections lower BSi concentrations by between 8% and 25% for all three 
samples.  Calculation  of  the  standard  error  associated  with  these  measurements,  however, 
indicates that all of the sequential Si/Al BSi values are actually within the reported range of Si
129/205only BSi values published in Conley (1998) (Table  13). Consequently for samples C1-C3, there 
is no statistical difference or benefit in using a sequential Si/Al approach over conventional BSi 
methods.  Below,  the  sequential  Si/Al method is applied to older fossilised material from two 
other sites:  a MIS  3  sequence from Lake Baikal,  Russia,  in which diatoms are  scarce  and/or 
highly dissolved, and samples from the East Equatorial Pacific which are also low in BSi (Table 
10).
6.3.4.  Lake Baikal (LB1-LB2)
Sample LB1  contains moderate numbers of highly dissolved diatoms (c. 3.03 x 107  valves/g 
dry wt.) while sample LB2 contains virtually no diatoms (c. 0.03 x 107  valves/g dry wt.) or other 
sources of BSi (Swann et al., 2005). In both samples the level of BSi is further minimised by 
exceptionally high diatom frustule dissolution (Chapter 8). This is reflected by the increase in 
dissolved Si/Al ratios over time with, unlike other samples, no marked peak in the ratios during 
the first 2-3 hours of sample digestion (Fig. 35a). Clay mineralogy analyses at the same core site 
in Lake Baikal (Continent Ridge) indicate that the samples analysed here are dominated by a 
mixture of illite and smectites (Fagel et al., 2007).
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Figure  35:  A)  Si/Al  ratios  for  samples  LB1  and  LB2  from  Lake  Baikal.  B)  Sequential 
Si0 2/Al20 3 corrections for concentrations of digested non-BSi.
Samples  LB1  and LB2 produce BSi  concentrations using conventional  Si/time  corrections of 
4.37 wt.% as Si02  and  1.71  wt.% as Si02  respectively (Table  13). A single-step measurement 
from the five hour digestion point containing no correction for non-BSi produces similar values 
of 4.74 wt.% as Si02  and 1.99 wt.% as Si02  respectively (Table  13). Following application of a
130/205sequential  Si/Al  correction,  final  BSi  values  are markedly  lower at 0.45  wt.%  as  Si02,  90% 
reduction, and 0.81 wt.% as Si02, 56% reduction, respectively (Table 13; Fig. 35b). In contrast 
to  samples  C1-C3,  significant  differences  remain  between  the  sequential  Si/Al  and 
conventional, Si only, BSi values even after consideration of the standard errors associated with 
the regression coefficients (Table 13).
The marked difference in BSi between the sequential Si/Al and conventional Si only methods 
for samples LB1  and LB2, compared to samples C1-C3, can be attributed to the relativity high 
levels of digested Al in both Lake Baikal samples. For example, after four hours of digestion, 
mean dissolved Al  concentrations were 0.61 wt.% in samples LB1  and LB2 compared to 0.30 
wt.% for samples C1-C3. Together with low Si/Al ratios for samples LB1  and LB2 throughout 
the  extraction  (Fig.  33a),  this  suggests  the  presence  of a  relatively  large,  easily  digested, 
aluminosilicate pool in which comparatively large amount of non-BSi are released relative to 
BSi.  The  presence  of a  rapid  non-BSi  digestion  phase  in  the  first  few  hours  would  further 
explain why no peak in dissolved Si/Al ratios is detected during the first two hours of sample 
digestion with the relative release of non-BSi significantly greater than that from BSi (Fig. 35a). 
Importantly,  the non-BSi release  during this initial digestion period can not be  accounted for 
with  conventional  Si  only  measurements,  which  either  ignore non-BSi  digestion  (single-step 
digestion) or assume the rate of non-BSi digestion after 3-4 hours to be representative of the rate 
throughout the  entire  digestion period  (Si/time  method). As  detailed by  Schltiter and  Rickert 
(1998),  Kamatani  and Oku (2000)  and Koning et al.  (2002) and as shown  in Figure  33a for 
sample LB2,  a parabolic release of non-BSi actually occurs. This results in levels of non-BSi 
being  underestimated  with  conventional  Si  only  measurements  of BSi.  Consequently,  it  is 
suggested that the lower, sequential Si/Al derived, BSi measurements for samples LB1 and LB2 
are more accurate than either the conventional single-step or Si/time BSi values, since the non­
linear rate of non-BSi digestion is directly accounted and corrected for within this method.
Since  only  a  limited  number  of samples  were  analysed  from  Lake  Baikal,  making  such  an 
interpretation  about  a  notable  aluminosilicate  pool  which  significantly  distorts  BSi 
measurements in Lake Baikal requires further investigation. If confirmed, however, the presence 
of a comparatively large non-BSi release relative to BSi release during the first few hours of 
sediment digestion is worrying, particularly given that conventional  Si only methods  are not 
able  to  sufficiently correct  for this  early non-BSi  release phase.  This  is  demonstrated by the 
significant, up to 90%, decrease in BSi achieved when using sequential Si/Al corrections over 
Si only measurements. Such concerns over the accuracy of conventional Si only measurements 
should apply not only to Lake Baikal, but also to other sedimentary sites or samples containing 
easily digestible sources of non-BSi. This is particularly true when the amount of BSi within the 
sample is low. Chapter 7 will investigate this issue in more detail within the context of existing
131/205palaeoclimatic records from Lake Baikal.
6.3.5.  East Equatorial Pacific (EQ1-EQ2)
Sample EQ1  from the East Equatorial Pacific Ocean shows a peak followed by a decrease in 
dissolved  Si/Al  ratios  to  near-constant  ratios  after  c.  4  hours  (Fig.  36a).  Visual  microscope 
analysis  of the  recovered  material,  however,  indicates  incomplete  digestion  of BSi  at  this 
interval. Digestion of the sample in a stronger 2-M KOH solution over 14 hours (sample EQ2) 
reveals the complete digestion of BSi from 4 hours onwards when Si/Al ratios stabilise at c.  11 
wt.%  (Fig.  36b).  Calculation  of BSi  from the greater than  four hour interval  in  sample EQ2 
using a Si/time non-BSi correction indicates a value of 7.85 wt.% as Si02  with the Si single step 
method indicating a BSi concentration of 8.65 wt.% as Si02  (Table  13). Applying a sequential 
Si/Al non-BSi correction significantly lowers the final BSi value to 2.22 wt.% as Si02  (Fig. 36b, 
c; Table 13).
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Figure 36: A) Si/Al ratios for sample EQ1, East Equatorial Pacific Ocean.  B) Si/Al ratios for
sample  EQ2.  C)  Sequential  Si0 2/Al20 3  correction  for  concentrations  of digested  non-BSi  in 
sample EQ2.
Similar  to  the  samples  from  Lake  Baikal,  mean  digested Al  concentrations  are  high  within 
sample  aliquots  for  EQ2  relative  to  samples  C1-C3  (0.45  wt.%  compared  to  0.30  wt.%). 
Consequently  as  before,  it  is  possible  that  a  relatively  rapid  phase  of non-BSi  release  is 
occurring during the first few hours of digestion, which is unaccounted for with conventional Si 
only measurements. This reiterates the potential of the sequential Si/Al method, which is able to 
directly account for non-BSi  digestion during the alkaline extraction regardless of the rate or 
changes in rate of clay/aluminosilicate digestion. As stated above, this appears to be particularly
132/205important when aluminosilicate release is rapid during the initial digestion period and/or when 
BSi  concentrations are low,  in which case the relative  amount of digested non-BSi  increases 
significantly.
The regression gradients of Si/Al or Si02 /Al20 3  for each analysed sample should be reflective of 
the clay matrix, with Kamatani and Oku (2000) finding gradients of 1.20 ± 0.07,  1.19 ± 0.02, 
2.40 ± 0.27, and 2.93 ± 0.09 for allophane, kaolinite, illite and montmorillonite respectively. All 
samples analysed here produce a regression gradient within this range, i.e., around or less than 
3, except for sample C2 (Fig. 34b) and the east Equatorial Pacific Ocean samples (Fig. 36c). For 
sample C2,  removing the aliquot with the highest Si  concentration reduces the gradient from 
8.44  to  1.48  with  only  a  small  change  in  calculated  BSi  concentrations.  This  indicates  the 
general unsuitability of using sample gradients to obtain information on the sample clay matrix, 
unless  large numbers of aliquots  are analysed.  For the Equatorial Pacific  Ocean samples,  the 
regression gradient remains above 9 regardless of which aliquots are included in the regression. 
It is possible therefore that these samples include authigenic clays that are unique to the eastern 
Equatorial  Pacific  Ocean  and  which  can  contain  unusually  high  Si/Al  ratios  (Kastner  and 
Stonecipher,  1978, Kastner,  1981). This should not affect the application of a sequential Si/Al 
method to these samples, since a linear release of Si and Al should still occur from these clays.
6.3.6.  Evaluation o f the Si/Al method
Values  calculated  here  for  surface  sediment  samples  C1-C3  show  no  significant  difference 
between  sequential  Si/Al  BSi  measurements  and  conventional  Si  only  single-step  or  Si/time 
measurements (Table  13). In contrast the samples from Lake Baikal and the Equatorial Pacific 
Ocean show markedly lower values when using the sequential Si/Al approach (Table  13). It is 
not  possible  to  conclusively  demonstrate  that  the  sequential  Si/Al  method  provides  a  more 
accurate measure of BSi  for these samples,  which are both low in BSi and appear to have a 
rapid phase of aluminosilicate digestion associated with them during the first few hours of the 
alkaline  extraction.  However,  the  basis,  theory  and  assumptions  behind the  sequential  Si/Al 
approach  are  more  valid  than  those  for  either  a  Si  only  single-step,  for  which  no  non-BSi 
correction  is made, or a Si/time approach, which assumes a constant release  of non-BSi  over 
time. With non-BSi actually displaying a parabolic release over the first few hours of digestion 
(Schliiter and Rickert,  1998; Kamatani and Oku, 2000; Koning et al., 2002), both Si single step 
and measurements incorporating a Si/time correction are liable to overestimate the true amount 
of BSi, particularly when levels of BSi are low and the relative release from non-BSi is high, as 
occurs for the Lake Baikal and East Equatorial Pacific samples. Consequently, it is likely that 
the lowering produced by sequential Si/Al corrections reflects a more reliable adjustment of BSi 
for sources of non-BSi. While using a sequential Si/Al technique may involve additional costs 
and  laboratory  time,  this  should  be  minimal  in  laboratories  able  to  analyse  Si  and  Al
133/205concentrations via ICP-AES.
As  stated  in  the  introduction  (Section  6.1.1),  an  alternative  approach  to the  sequential  Si/Al 
method used here is a single-step Si/Al method, in which Si/Al ratios from catchment material 
or  clays  standards  are  used  to  separate  the  biogenic  and  non-biogenic  components  (e.g., 
Eggimann  et al.,  1980;  Carter  and  Colman,  1994;  Colman,  1998).  This  though  requires  the 
availability  of catchment  material  or,  more  problematically,  an  exact  understanding  of the 
sample clay matrix which, at a given site, may vary both spatially and temporally. Alternatively, 
high-resolution monitoring of digested Si and Al concentrations can be performed at one second 
intervals (Koning et al., 2002). Levels of BSi are then determined by modelling theoretical BSi 
and non-BSi dissolution curves. While this results in significant improvements with regards to 
data  quality,  whilst  also  potentially  providing  a  more  accurate  and  detailed  insight  into  the 
dissolution of non-BSi, the equipment required for this is generally beyond the capabilities of 
most laboratories (Conley and Schelske, 2001).
Two  issues  may  affect  the  reliability  of the  sequential  Si/Al  corrections.  A  significant  pre­
requisite  of sequential  Si/Al  non-BSi  corrections  is  that  the  relationship  between  Si  and Al 
released from the clay matrix is constant throughout sample digestion. As stated above, this has 
been conclusively demonstrated for a range of clay minerals (Kamatani and Oku 2000; Koning 
et al.,  2002).  The  Si/Al relationship  only deviates  from this  during  the  first  5-10 minutes  of 
digestion when  Si  release  is  greater than Al  (Koning  et al.,  2002).  The  extent to  which  this 
occurs  can  vary  spatially  according  to  the  precise  clay  composition  of each  sample  (ibid). 
Consequently, part of the non-BSi release during this initial period will remain under-accounted 
for  when  using  sequential  Si/Al  corrections.  More  accurate  corrections  for  non-BSi  release 
during this initial interval may be achieved by quantitatively assessing the exact composition of 
clay  minerals  within  each  individual  sample.  Such  considerations,  however,  are  beyond  the 
scope  of this  investigation but are  deserving  of future research.  It is  likely,  though,  that  any 
errors from this initial non-linear phase will be minimal compared to the improvements in BSi 
accuracy  achieved  when  using  a  sequential  Si/Al  approach,  relative  to  conventional  Si  only 
methods.  Furthermore,  any  errors  will  also  most  likely be  minimal  relative to  analytical  and 
sample preparation errors, which are usually the largest source of error for BSi measurements 
(Conley and  Schelske, 2001).  Indeed,  as  shown within Figures  34a, 35a and 36a.b,  dissolved 
Si/Al ratios between  sample duplicates can vary widely.  This most likely reflect the possible 
errors in weighing out samples/solutions together with the analytical reproducibility of the ICP- 
AES.  However,  samples always plot either on or close to the  Si/Al regression line (Fig.  34b, 
35b, 36c), indicating that these offsets are not affecting the final BSi value.
Secondly,  it  is  explicitly  assumed  with  the  sequential  Si/Al  method  that  all  digested  Al
134/205originates  from  sources  of non-BSi.  Within  the  water  column,  level  of Al  in  diatoms  are 
minimal  with  Al/Si  ratios  of 8.3xl0'3   to  7.0xl0‘5   (Lewin,  1961;  Martin  and  Knauer,  1973; 
Kamatani,  1974;  van Bennekom  et al,  1989;  Schluter  and Rickert,  1998;  Beck et al.,  2002; 
Gehlen  et al.,  2002).  However,  at  the  surface-sediment  interface  further  amounts  of Al  can 
become incorporated into the diatom ffustule (van Bennekom et al.,  1988,  1991; Dixit et al., 
2001; Dixit and van Cappellen, 2002; van  Cappellen et al., 2002;  Gehlen et al., 2002; Rickert 
et al.,  2002;  Koning  et al.,  2007).  Despite  this,  the  overall  amount  of digested Al  within  a 
sample originating from sources of BSi is likely to be negligible relative to contributions from 
non-BSi.  This  is  particularly  true  when  sample  BSi  concentrations  are  low.  Whilst  van 
Bennekom  et  al.  (1989)  reported  fossilised  diatom  Al  concentrations  of up  to  6  wt.%  in 
sediments  from  the  Zaire/Congo  deep-sea  fan,  a  wealth  of other  data  makes  its  clear  that 
fossilised diatom Al concentrations actually peak at c.  1.0 wt.% with typical concentrations of 
less than 0.3 wt.% and many concentrations of c. 0.01 wt.% (e.g., Shemesh et al, 1988; Schluter 
and Rickert, 1998; Ellwood and Hunter, 1999; 2000; Dixit et al, 2001; Dixit and van Cappellen, 
2002; Lin and Chen, 2002; Gehlen et al, 2002; van  Cappellen et al, 2002; Kryc et al, 2003; 
Lai et al,2006). While the available data on diatom Al concentrations is heavily biased towards 
samples  from  the  Southern  Ocean,  these  values  are  supported  here  by  mean  diatom  Al 
concentration of 0.34 wt.% in fossilised diatoms from ODP Site 882 in the North West Pacific 
Ocean (Table  12). It should be noted, though, that further work is required towards measuring 
the  Al  concentrations  of diatoms  in  lacustrine  systems  and  in  other  forms  of BSi,  such  as 
radiolarians, in marine systems.
It is rarely feasible to extract pure diatoms from sites/samples which are low in BSi. As such, 
within a palaeoenvironmental  reconstruction,  it would be virtually impossible to  extract pure 
diatom/BSi material for every analysed sample in order to test for Al concentrations. Within the 
context of this study, it is not possible to obtain pure diatom/BSi material from samples LB1, 
LB2  and  EQ2,  which  all  display  significantly  lower  BSi  concentrations  when  using  the 
sequential  Si/Al method relative to the  Si  only methods.  If BSi concentrations,  however,  are 
recalculated for these samples incorporating a mass balanced correction for an assumed diatom 
Al concentration of 0.01  wt.% and 0.3 wt.%, sequential Si/Al BSi values for samples LB1  and 
LB2 do not alter. Similarly for sample EQ2, an Al concentration of 0.01 wt.% has no impact on 
the sequential Si/Al BSi concentration while a diatom Al concentration of 0.30 wt.% marginally 
increases  BSi  marginally  from  2.22  wt.%  as  Si02   to  2.35  wt.%  as  Si02.  If  diatom  Al 
concentrations  are  increased  to  1.00  wt.%,  which  based  on  the  published  literature  should 
represent  an  uppermost  estimate  of  possible  diatom  Al  concentrations,  sequential  Si/Al 
estimates of BSi increase marginally to 0.48 wt.% as Si02, 0.82 wt.% as Si02  and 2.72 wt.% as 
Si02  for samples LB1, LB2 and EQ2 respectively. Importantly, all of these adjustments are low 
and  within  the  errors  associated  in  calculating  the  regression  coefficients  for  the  original
135/205sequential Si/Al BSi concentrations (Table 4). Furthermore, these corrected sequential Si/Al BSi 
values  remain  significantly  below  conventional,  Si  only,  BSi  values  (Table  34).  Similar Al 
correction  can  also  be  calculated  for  samples  Cl,  C2  and  C3,  which  display  no  significant 
difference between the sequential Si/Al and Si only methodologies, most likely due to the low 
overall  amount  of Al  digested  from  these  samples  during the  alkaline  extraction  (Table  13). 
With these samples, a diatom bound Al concentration of 1.00 wt.% increase BSi by less than 
0.20 wt.% Si02  for samples Cl and C2. In sample C3, however, an Al correction increases BSi 
by  6.80  wt.%  as  Si02   due  to  the  high  number of diatoms  within this  sample.  This  increase 
remains high at 1.80 wt.% as Si02  even when using a diatom Al concentration of 0.30 wt.%. As 
such,  whilst  for  most  of the  samples  analysed  here,  the  uncertainty  and  presence  of  BSi 
associated  Al  is  not  detrimental  to  the  application  of a  sequential  Si/Al  methodology  for 
calculating BSi concentrations, caution is need in samples of high BSi unless actual values of 
diatom or BSi bound Al within these sediments are well constrained.
6.4.  Conclusions
The  current  popularity  of wet-alkaline  BSi  measurements  is  largely  based  on  the  methods 
perceived robustness and the  comparative ease by which samples  can be analysed.  However, 
conventional  corrections  for  sources  of non-BSi  in  wet-alkaline  digestions  are  either  non­
existent, Si single-step, or overtly simplistic, Si/time. Comparisons until now have provided no 
conclusive evidence for the benefits  in using a sequential  Si/Al approach over these  existing 
techniques.  Results here, however,  show that sequential  Si/Al measurements can significantly 
lower estimates of BSi, particularly in samples low in BSi. This is emphasised in the samples 
from Lake Baikal and the East Equatorial Pacific Ocean where a large non-BSi release appears 
to be occurring during the first few hours of samples digestion.  Following the application of 
sequential Si/Al non-BSi corrections, measured BSi concentrations at these sites are reduced by 
56-90% relative to conventional Si only techniques.
While  it  is  not  possible  to  state  with  absolute  certainty  that  such  a  lowering  represent  an 
“improvement”,  it  is  likely  that  the  sequential  Si/Al  measurements  are  more  accurate  as  the 
method permits a direct accountability for non-BSi leached throughout the course of the alkaline 
digestion.  Undoubtedly,  further  investigations  and  assessments  of  the  sequential  Si/Al 
methodology will be called for across a greater range of sites. However, based on these results 
together with previous  studies  demonstrating a linear relationship between Si  and Al leached 
from clays throughout all but the first few minutes of sample digestion (Schluter and Rickert, 
1998;  Kamatani  and  Oku,  2000;  Koning  et al.,  2002),  it  is  suggested  that  sequential  Si/Al 
measurements represent a simple, yet key, improvement in the measurement of aquatic sediment 
BSi concentrations. Consequently, the use of a sequential Si/Al method for determining BSi is 
recommended when expected BSi concentrations are low and/or when aluminosilicate digestion
136/205is rapid during the first few hours of sample digestion. This is important in ensuring that the 
recorded stratigraphical changes in BSi reflect changes in surface water productivity, rather than 
fluxes in sample clay content. However, caution is required in applying the technique to samples 
rich in BSi, unless the concentration of Al intrinsically linked and bound to the BSi is known 
and accounted for.
137/205Chapter 7: Testing Si/Al derived biogenic silica concentrations in Lake Baikal
7.1.  Introduction
Chapter 6 demonstrated the potential of a sequential Si/Al method for obtaining more accurate 
sedimentary BSi concentrations. While suggested to produce lower and more accurate records 
of BSi, relative to conventional Si/time (De Master,  1979,  1981) and Si single step (Mortlock 
and Frohlich,  1989) methods, the sequential  Si/Al BSi method has yet to be applied to a long 
stratigraphical  core  section.  In  addition,  it  is  also  necessary  to  evaluate  the  accuracy  of the 
sequential  Si/Al  method  against  samples  for  which  the  true  amount  of  BSi  is  known. 
Assessment of the sequential Si/Al method can be performed in a number of ways ranging from 
laboratory  experiments  using  siliceous  standards  to  in-field  experiments.  One  of the  most 
common  uses  of  BSi  concentrations,  though,  is  as  a  proxy  for  reconstructing 
palaeoenvironmental  and palaeoclimatic  changes  in marine  and  lacustrine  sediment  cores.  In 
addition, based on the results in Chapter 6, it is likely that the palaeoenvironmental community 
would benefit the most from the sequential  Si/Al method due to the high clay content which 
may be present in aquatic sediment samples. Within this context, the sequential Si/Al method is 
best “tested” against lacustrine or marine sediment samples where measurements of BSi can be 
compared to microscope counts of siliceous organisms that document the true absolute amount 
of BSi within a sample.
In a palaeoclimate context, BSi concentrations have been widely used in Lake Baikal, Russia 
(Fig. 37), a lake which potentially contains an uninterrupted sedimentary sequence dating back 
to the Middle Eocene (Hutchinson et al.  1992) or Middle/Late Miocene (Williams et al. 2001; 
Sapota  et al.,  2004).  A  significant  limitation  of conducting  palaeoclimatic  research  in  Lake 
Baikal is the very low amounts of carbonates within the sedimentary record due a water column 
pH of 6.9-7.4. However, diatoms are widely present in the sediment record constituting c. 98% 
of all BSi within the sediment (Granina et al.,  1992). Measurements of BSi in the lake therefore 
in theory provide a simple and effective way of recording past variations in diatom productivity. 
Existing studies have previously documented strong first-order linkages between conventional 
wet-alkaline (Si single  step and Si/time) records of BSi and orbital insolation in Lake Baikal 
with  high  levels  of BSi  in  interglacials  (c.  10-30  wt.%  as  Si02 )  indicative  of high  diatom 
productivity and lower concentrations in glacials (c. 0-5 wt.% as Si02 ) suggestive of low diatom 
productivity (Granina et al.  1993; Colman et al.  1995,  1999; Williams et al.  1997).  Similarly, 
other work over shorter timescales has shown strong relationships between diatom populations 
and  BSi  concentrations  in the  sediment  (Qui  et al.,  1993;  Horiuchi  et al.,  2000;  Edlund and 
Stoermer,  2000;  Khursevich  et al.,  2001).  As  such,  conventional  (Si  only)  wet-alkaline  BSi 
concentrations have been widely used in Lake Baikal,  as  a proxy for diatom productivity, to 
reconstruct  palaeoenvironmental  and  palaeoclimatic  changes  over  both  glacial-interglacial 
(Colman et al.  1995,  1999; Williams et al.  1997) and shorter, millennial/interglacial timescales
138/205(e.g., Qui et al., 1993; Karabanov et al., 1998; Horiuchi et al., 2000; Prokopenko et al., 2001 a,b; 
Karabanov et al.,  2004).  In addition,  due to the cyclic nature of the BSi record over glacial- 
interglacial cycles, measurements of BSi have also been crucial in developing age models for 
sediment cores from Lake Baikal (Prokopenko et al., 2006).  BSi concentrations, however, can 
not be related to the overall level of biological  productivity in the lake given that half of the 
modem  day  chlorophyll  a production  originates  from picoplankton  (Popovskaya 2000;  Fietz 
and Nicklisch 2004; Fietz et al., 2007), which are rarely preserved in the sediment record.
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139/205The strong link that exists between diatom populations and the amount of BSi within the Lake 
Baikal  sediment  record provides  an  opportunity to  test the  accuracy  of sequential  Si/Al  BSi 
measurements. Here in this chapter, records of BSi are measured at two sites in Lake Baikal on 
samples  covering  the  late  glacial/Holocene  interval,  a  period  of variable  but  high  diatom 
productivity  within  the  lake  (Morley,  2005).  First,  records  of sequential  Si/Al  and  Si  only 
(Si/time)  BSi  concentrations  are  compared  relative  to  one  another to  examine  the  degree  of 
similarity between the two records and to further assess potential differences between the two 
techniques.  Secondly the two datasets are compared to the detailed diatom biovolume records 
which have previously been recorded on the same samples (Morley, 2005; Rioual et al., in prep) 
in order to assess the extent to which each method accurately records the true amount of BSi 
within the  sediment.  The  glacial  BSi record  is considered separately in Chapter  8 due to the 
markedly  different  characteristics  of  glacial-aged  sediments  in  Lake  Baikal,  which  are 
characterised by extremely high diatom dissolution (Swann et al., 2005).
7.2.  Methodology
Two  sites,  one  each  from the  north  and  south basins  of Lake  Baikal,  were  selected  for this 
investigation, both having been cored in July 2001  as part of the EU CONTINENT project. In 
the north basin a 3.9-m core (CONO1-603-5) was collected by a Kasten box corer in July 2001 
from  an  elevated ridge  along the  eastern  side  of the  lake  (Latitude:  53°95'46"N,  Longitude: 
108°91'37"W;  Fig.  1),  a  site  subsequently  referred  to  as  Continent  Ridge.  Continent  Ridge 
represents a site of continuous sedimentation connected, but morphologically isolated, from the 
Academician Ridge (see Charlet et al., 2005) which has itself been analysed for BSi over the 
last 5 Ma (Williams et al.,  1997). In the south basin a 1.73 m trigger core (CON01-605-3a) and 
a  10.45  m  piston  core  (CON01-605-3)  were  collected  from  Vydrino  Shoulder  (Latitude: 
51°58'49"N, Longitude:  104°85'48"E) (Fig.  37), an elevated plateau which shows no evidence 
of sediment reworking for at least the Holocene (Morley, 2005).
At both  sites  64  samples  each  were  selected  for analysis  at approximately  constant intervals 
along the late-glacial/Holocene section of the core, with the exception of intervals for which no 
core  material  remained  following  previous  diatom  and  geochemical  analyses.  As  such,  no 
samples exist for the last c. 800 yrs BP at either site. Dates for the analysed interval at Continent 
Ridge are based on radiocarbon dating (Piotrowska et al., 2004; Rioual et al., in prep).  Sample 
ages for Vydrino Shoulder are also based on a radiocarbon age model (Piotrowska et al., 2004; 
Morley,  2005;  Morley  et  al.,  2005)  with  dates  updated  to  use  the  INTCAL04  radiocarbon 
calibration curve (pers. comm. Rioual, 2006) using OxCal version 3.10 (Bronk Ramsey, 2005). 
Details  on  the  correlation  and  creation  of  a  composite  depth  for  the  cores  from  Vydrino 
Shoulder are contained in Morley (2005).
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(Morley,  2005;  Rioual et al.,  in prep).  While these records of diatom populations and diatom 
valve concentrations can be compared to BSi measurements, such records do not account for the 
large variations in size that exist between different taxa. For example, two common species in 
the  Holocene  section  at  Continent  Ridge,  Aulacoseira  baicalensis  (Meyer)  Simonsen  and 
Cyclotella minuta (Skv.) Antipova,  have  biovolumes  of 6540  pm3   and  860  pm3   respectively 
while the biovolume of Cyclotella baicalensis (Meyer) Skv. is 81500 pm3  (Rioual et al., in prep). 
Diatom biovolume measurements, calculated from the species assemblage data, provide a more 
accurate record of the actual amount of BSi within the sediment by taking into account the size 
variation  between  different  taxa.  Sample  diatom  biovolumes  for  the  analysed  section  at 
Continent  Ridge  are  taken  from  Rioual  et  al.  (in  prep)  in  which  species  biovolumes  are 
calculated  following  the  recommendations  of  Hillebrand  et  al.  (1999).  Sample  diatom 
biovolumes for the late-glacial/Holocene section at Vydrino Shoulder are based on the results of 
Morley  (2005)  but  with  individual  species  biovolume  values  updated  to  reflect  the 
recommendations  of  Hillebrand  et  al.  (1999)  and  to  take  advantage  of  the  recent  late- 
glacial/Holocene species biovolume data included in Rioual et al. (in prep).
One  limitation over the  sequential  Si/Al  method  is  the potential  for  significant levels  of Al, 
digested during the alkaline extraction, to originate from diatoms and other forms of BSi. As 
shown in Chapter 6, if left unaccounted for this may result in significant errors unless diatom 
bound Al concentrations are minimal. While sedimentary diatom Al concentrations are almost 
always less than 1.0 wt.% (e.g., Shemesh et al., 1988; Schluter and Rickert,  1998; Ellwood and 
Hunter,  1999;  2000;  Dixit et al.,  2001;  Dixit and van Cappellen,  2002;  Lin and Chen,  2002; 
Gehlen et al., 2002; van  Cappellen et al., 2002; Kryc et al., 2003; Lai et al., 2006), this ideally 
needs to be assessed at each individual site. Consequently, 22 pure diatom samples from Lake 
Baikal,  previously  extracted  and  cleaned  for  diatom  isotope  analysis  at  Continent  Ridge 
(Mackay et al., in prep), were also dissolved and analysed using the same methodology. No pure 
diatom  material  was  available  for  any  late  glacial  or  Holocene  aged  samples.  Instead,  all 
analysed pure diatom samples originate from the Kazantsevo, a warm period within Lake Baikal 
which is broadly synchronous with MIS 5e (Shackleton et al., 2003).
7.2.1.  BSi methodology
Samples  for BSi  were digested and analysed  for Si  and Al following  adaptation of the wet- 
alkaline methodology outlined in Chapter 6. A major difference between the two chapters is the 
use  here  of a  single  digestion  for  each  sediment  sample  with  2  ml  of the  alkaline  solution 
collected at timed intervals for ICP-AES analysis. In Chapter 6 a single digestion was instead 
performed for each timed aliquot measurement. This was due to the need for c. 5 ml of solution 
for the ICP-AES in Chapter 6 in order to analyse the eight different elements measured within
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Sediment  samples  were  freeze  dried  with  c.  40  mg weighed into  flat bottomed acid-washed 
bottles containing 40 ml of 5% Na2C03, within the sample-solution ratios proposed by Gehlen 
and  van.  Raaphorst  (1993).  The  stronger  5%  Na2C03   solution  used  here,  compared  to  1% 
Na2C03  in Chapter 6, arises from the high amounts of BSi expected within the Holocene aged 
samples.  Samples  were  immersed  in  a  waterbath  heated  to  85°C  and  periodically  shaken 
throughout the digestion period to ensure full exposure of the sediment to the solution. For each 
core a series of replicates were analysed to check method reproducibility with a set of blanks 
run every ten samples.  Sample aliquots were collected after 4, 5 and 6 hours of digestion and 
stored at  c. 2°C prior to ICP-AES analysis. As in Chapter 6, aliquots were not neutralised with a 
weak HC1 or other acidic solution in order to avoid diluting samples beyond ICP-AES detection 
limits. Dissolved concentrations of Si and Al within the sample aliquots were analysed using a 
Perkin Elmer Optima 3300RL ICP-AES at Royal Holloway, University of London with matrix 
matching for all standards  and calibrations. Prior to analysis,  sample aliquot were allowed to 
warm  to  room  temperature.  All  results  were  corrected  for  analytical  drift  and  elemental 
concentrations in procedural blanks. BSi was then calculated using both the Si/time (De Master 
1979, 1981) and the Si/Al methods (Kamatani and Oku, 2002) (see Chapter 6 for details).
7.3.  Results
7.3.1. Analytical accuracy
Analytical precision of the ICP-AES was low at 0.50 ppm for Si and 0.03 ppm for Al. Replicate 
analyses of sediment samples from Lake Baikal indicated a final mean BSi reproducibility of 
0.60  wt.%  as  Si02   (lo)  under  the  Si/time  method  and  0.79  wt.%  as  Si02   (la)  under  the 
sequential Si/Al method. Sediment BSi concentrations for both methods ranged from 0-34 wt.% 
as Si02
7.3.2. Method comparison
BSi results for both the Si/time and sequential  Si/Al method at Continent Ridge and Vydrino 
Shoulder show large changes through the late-glacial/Holocene interval with BSi concentrations 
peaking at 4.0 kyr BP and at  1.5  kyr BP (Fig.  38). Analysis of the Kazantsevo pure diatoms 
frustules  from Lake  Baikal  indicates  mean Al  concentrations  in diatoms  of 0.09  wt.%  (la = 
0.02).  These values lie at the lower range of reported diatom bound Al concentrations (Shemesh 
et al.,  1988;  Schluter and Rickert,  1998;  Ellwood and Hunter,  1999; 2000; Dixit et al., 2001; 
Dixit and van Cappellen, 2002; Lin and Chen, 2002; Gehlen et al., 2002; van  Cappellen et al., 
2002; Kryc et al., 2003; Lai et al.,2006), suggesting that the relative contribution of diatom Al to 
the total amount of leached Al within the alkaline solution is minimal.  One parameter which 
may potentially play a significant role in alternating the relative amount of Al within diatoms is
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across Lake Baikal, however, including Continent Ridge and Vydrino Shoulder, indicate that the 
sediment  clay  composition has not varied  significantly  over recent  glacial/interglacial  cycles 
(Fagel et al., 2003, 2007).
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Figure 38: Lake Baikal Si/time and sequential Si/Al late-glacial/Holocene changes in BSi.
Consequently,  whilst  the  pure  diatom  frustules  analysed here  originate  from the  Kazantsevo 
rather than the Holocene or late glacial,  it is reasonable to  assume that the diatom bound Al 
values  remain representative  of concentrations within  all the analysed  samples.  By  assuming 
this, the contributions of diatoms to dissolved Al concentrations within the sample aliquots can 
be  shown  to  be  minimal  with  only  a  negligible  impact  on  sequential  Si/Al  BSi  results.  For 
example, when using the Si and Al sample aliquot data at 0.8 kyr BP at Continent Ridge (Si/Al 
derived BSi concentration for this sample is 33.7 wt.% as Si02, the highest value observed in 
this chapter), a mass balanced correction for a diatom Al concentration of 0.09 wt.% lowers the 
final sequential Si/Al BSi value by only 0.15 wt.% as Si02. At lower BSi values, the magnitude 
of this error will be further reduced. As such, here in Lake Baikal, issues of diatom bound Al 
can be ruled out as a factor in controlling the sequential Si/Al BSi record.
In contrast to results in Chapter 6, here comparisons of the Si/time and sequential Si/Al methods
143/205at both sites indicates a strong 1:1 relationship between the two methods, which is significant at 
the 99.9% confidence interval (Fig. 39).
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7.3.3.  Diatom biovolumes
At  both  sites  a  statistical  relationship  exists  between  increasing  diatom  biovolumes  and 
increasing BSi concentrations for both methods (p < 0.001) (Fig. 40).
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144/205Residual errors based on a linear regression through the dataset, however, are high at both sites 
(Fig. 40). At Continent Ridge the mean BSi residual is +5 to +20 wt.% as Si02  from 0-5 kyr BP 
and -5  to -10 wt.%  as  Si02  from 8 kyr BP onwards for both methods. At Vydrino  Shoulder, 
residuals are +5 to +10 wt.% as Si02  from 0-6 kyr BP and -5 to -10 wt.% as Si02  thereafter.
7.4.  Discussion
Previous  work on the  same  samples analysed here have  led to detailed late  glacial/Holocene 
palaeoclimatic  and  palaeoenvironmental  reconstructions  based  on  the  diatom  species 
assemblages  (Morley, 2005;  Rioual  et al.,  in prep).  Holocene reconstructions at other sites  in 
Lake Baikal have also been derived from BSi concentrations (e.g., Qui et al.,  1993; Carter and 
Colman, 1994; Karabanov et al., 2004). As such, no attempt is made here to related the temporal 
change  in  BSi  observed  in  Figure  38  to  palaeoclimatic  or  palaeoenvironmental  conditions. 
Instead,  the  discussion  will  focus  on  attempting  to  understand  the  possible 
advantages/disadvantages in using a sequential Si/Al method over a Si/time method and the link 
between microscope observation of diatom frustules and wet-alkaline measurements of BSi.
7.4.1.  Si/time v Si/Al
Results in Chapter 6 revealed significant differences between the Si/time and sequential  Si/Al 
BSi methods in samples EQ2 from the East Equatorial Pacific Ocean and samples LB1 and LB2 
from  glacial  aged  samples  in  Lake  Baikal.  The  lower  sequential  Si/Al  BSi  values  were 
suggested in Chapter 6 to more accurately represent the true amount of BSi within the sediment 
due  to the methods direct accountability for non-BSi digestion during the alkaline extraction. 
Such conclusions, though, are not in line with the results presented within this chapter in which 
a strong 1:1  relationship exists at both Continent Ridge and Vydrino Shoulder between the two 
method (Fig. 39). The presence of such a strong relationship is not entirely surprising given that 
both the Si/time and the sequential Si/Al methods are dependent on the same initial Si values. 
Indeed for most samples, BSi concentrations from the sequential Si/Al method are marginally 
lower than the Si/time method. However, this difference is largely minimal (mean difference is 
0.11 wt.% as Si02  at Continent Ridge and 0.33 wt.% as Si02  at Vydrino Shoulder) and within 
the combined Root Mean Squared Error (RMSE) analytical reproducibility for the two methods 
(0.99 wt.% as Si02) (Fig. 41).
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Figure 41:  Difference in BSi concentration between the two methods at Continent Ridge and 
Vydrino Shoulder (Si/time method minus sequential Si/Al method). Dashed lines represent the 
RMSE of the two methods (0.99 wt.% as Si02 ).
The most likely explanation for the similar results between the two methods, given that both are 
dependent on the same Si concentration data, are changes in the amount of Al dissolved during 
the  alkaline  digestion.  Mean  Al  concentrations  of sample  aliquots  at  Continent  Ridge  and 
Vydrino Shoulder are 0.17 wt.% and 0.25 wt.% respectively. These are significantly lower than 
the  mean  Al  concentrations  of 0.45  wt.%  observed  in  Chapter  6  for  sample  EQ2,  which 
produced  significantly  lower BSi  values  when using  the  sequential  Si/Al  method  relative  to 
conventional Si only methods. Mean Al concentrations of 0.17 wt.% and 0.25 wt.% at Continent 
Ridge and Vydrino Shoulder are, however, similar to concentrations of 0.30 wt.% for samples 
C1-C3 in Chapter 6, which showed no significant difference between the Si/Al and Si only BSi 
methods. As such, the lack of a difference here between the two BSi methods, and in samples 
C1-C3  in  Chapter 6,  may tentatively be  attributed to  reduced  aluminosilicate  and associated 
non-BSi release during the alkaline digestion in these samples.
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Lake  Baikal  late-glacial/Holocene  samples  analysed here  to the Lake  Baikal  glacial  samples 
analysed in Chapter 6, which showed marked differences between the Si only and sequential 
Si/Al  methodologies. As with  sample EQ2, mean Al  concentrations of 0.66 wt.% for sample 
LB1  (50.2 kyr BP) and 0.56 wt.% for sample LB2 (25.2 kyr BP) are significantly greater than 
mean late-glacial/Holocene concentrations here of 0.17 wt.% and 0.25 wt.% at Continent Ridge 
and Vydrino Shoulder respectively. This is despite the samples analysed here being digested in a 
significantly strongly alkaline solution (5% Na2C03  compared to  1% Na2C03  in Chapter 6). In 
order to confirm this observation, a further  12 samples,  spread across the MIS 2-4 interval at 
Continent Ridge,  were  digested using the methodology outlined above  in  Section  7.2.  All  of 
these additional samples indicate high Al concentration similar to those in Chapter 6 (mean = 
0.54  wt.%,  la  =  0.11).  Although  a  proportion  of the  lower Al  concentrations  in  the  late- 
glacial/Holocene samples will be due to the increased amounts of diatoms, relative to clays, in 
the sediment, this is not sufficient to explain all of the difference.  For example, if a sediment 
BSi concentration of 33.7 wt.% as Si02  (the highest BSi value observed in this chapter) is used 
together with the mean digested Al value for this sample  of 0.13  wt.%, using a simple mass 
balanced equation a digested Al concentration of c.  0.17 wt.% would be expected in a  100% 
pure clay  sample when assuming a similar clay matrix,  rate  of aluminosilicate digestion and 
after  consideration  of diatom  bound Al.  Reduced  aluminosilicate  digestion  within  the  late- 
glacial/Holocene  samples,  relative  to  glacial  aged  samples,  is  most  likely  connected  to  the 
relative  reactivity  and/or  the  quantity  and  different  types  of  clays  within  the  sediment. 
Sediments  at  both  Vydrino  Shoulder,  Continent  Ridge  and  elsewhere  in  Lake  Baikal  are 
dominated  by  illite  and  smectite  over the  late  Quaternary  (Fagel  et al.,  2003;  2007).  While 
records  show  different  relative  abundances  of  these  two  clay  minerals  between  Vydrino 
Shoulder  and  Continent  Ridge,  no  significant  change  in  these  proportions  occurs  over  time 
(Fagel et al.,  2007). As such, the cause of increased aluminosilicate  digestion in glacial aged 
samples from Lake Baikal remains unknown.
Whilst  in  this  instance,  with  late-glacial/Holocene  aged  samples  from  Lake  Baikal,  no 
advantage exists in using a sequential Si/Al over a Si/time methodology, the results highlight the 
importance in considering aluminosilicate dissolution when analysing BSi. For example, when 
aluminosilicate  digestion  is  high,  such  as  with  samples  LB1,  LB2  and  EQ2  in  Chapter  6, 
significant differences exist between the two techniques.  Since the amount of aluminosilicate 
digestion during the alkaline extraction is rarely known in advance, the sequential Si/Al method 
should  still  remain  preferential  to  either  a  Si/time  or  other  Si  only  techniques.  This  is 
particularly true when analysing sample aliquots via ICP-AES, as virtually no additional work is 
required to measure Al and other elemental concentrations alongside dissolved Si.
147/2057.4.2.  BSi/diatom biovolumes relationship
A second aim of this work was to determine the link between wet-alkaline measurements of BSi 
and  sedimentary diatom/siliceous  concentrations.  This  is necessary in order to  determine  the 
accuracy  of wet-alkaline  BSi  measurements  in  recording  siliceous  organisms  and  therefore 
changes in diatom productivity.  Evidence here of a strong relationship (p<0.001) between BSi 
and  diatom  biovolumes  (Fig.  40)  is  in  apparent  agreement  with  existing  laboratory 
investigations  and  studies  on  sediment material  from  Lake  Baikal  which  demonstrate  strong 
links  between  diatom  populations  and  wet-alkaline  BSi  concentrations  (Qui  et  al.,  1993; 
Colman et al.,  1995;  1997; Williams et al.  1997; Horiuchi et al., 2000; Khursevich et al., 2001; 
Ryves et al. 2001; Karabanov et al. 2004). As such, increase/decreases in diatom concentrations 
are marked by corresponding increases/decreases in BSi concentrations (Fig. 40). A significant 
difference  between  this  work  and  previous  studies,  however,  is  the  use  here  of  diatom 
biovolume data, which provide a more accurate indicator of the actual amount of BSi within a 
sample than the diatom concentrations used in previous studies.
At both sites, however, the BSi/diatom biovolume relationship for both BSi methods is marked 
by large residual errors from a linear regression line of between 5 to 20 wt.% as SiC> 2 (Fig. 40). 
This may suggest that wet-alkaline measurements of BSi are not suitable for making detailed 
quantitative  interpretations  as  to  changes  in  sedimentary  siliceous  microfossil  concentrations 
and  consequently  levels  of diatom  palaeoproductivity.  Such  a  comparison,  though,  between 
measurements of BSi and diatom biovolumes may be affected by the accuracy of the original 
diatom biovolume data used within this study. Diatom biovolumes at Continent Ridge (Rioual 
et al.,  in  prep)  and Vydrino  Shoulder  (Morley,  2005) were  calculated  for  all  dominant taxa, 
including  frustule  fragments,  within  the  sediment  record.  In  most  samples,  however,  a 
proportion  of rarer taxa are present for which no biovolume measurements  exist and which, 
consequently, do not contribute towards the sample biovolume measurements. In most cases this 
is not a significant issue as these taxa are both rare and generally have a smaller biovolume than 
other, more dominant taxa, within the sediment record. In some samples, however, the relative 
proportion of these rarer taxa increases, particularly in colder periods  such as the late glacial 
when the number of rarer planktonic and benthic taxa increases (Morley, 2005; Rioual et al., in 
prep), introducing a degree of uncertainty to the sample biovolume measurements. In order to 
eliminate  this  effect,  all  biovolume  measurements  which  are  based  on  less  than  80%  of the 
diatom  frustules  within  the  sediment  assemblage  are  removed  from  the  dataset.  While  at 
Continent Ridge this results in a clearer BSi/diatom biovolume relationship, r2  remains low with 
BSi residuals ranging from -5 to +5 wt.% as SiCh (Fig. 42) At Vydrino Shoulder, though, the 
BSi/diatom biovolume relationship remains relatively weak with residuals of+10 to -5 wt.% as 
Si02  (Fig. 42).
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Figure  42:  Comparison  of diatom  biovolumes  to  both  BSi  methods  at  Continent  Ridge  and 
Vydrino Shoulder for all samples in which diatom biovolumes include over 80% of the diatom 
frustules in the sediment assemblage.
The amount of silica/biovolume within a diatom frustule may also vary both within and between 
individual diatom  species  in response  to  changes  in palaeoenvironmental  conditions,  such as 
change  in  temperature,  ice  cover,  growth  rate  and  nutrient  availability  (Rioual,  unpublished 
data)  (see  reviews  in Martin-Jezequel  et al.  (2000)  and  Ragueneau  et al.  (2000,  2006)).  All 
diatom biovolume measurements used within this study are based on taxa coefficients derived 
from light microscopy measurements across a selection of recent Holocene core samples at both 
sites (Morley, 2005; Rioual et al., in prep). As such, the diatom biovolume coefficients should 
be broadly representative of the diatom frustules and possible variations in frustule dimensions 
across all the analysed samples. Whist diatom biovolume measurements do not account for pore 
spaces and other voids within the diatom frustule and while the biovolume coefficients will not 
be a perfect match for all frustules, such uncertainties should not lead to the poor relationship or 
large residual errors observed in Figures 40 and 42. It is possible, however, that the biovolume 
coefficients  used  here  are  not  reflective  of  species  biovolumes  during  periods  of 
unusual/extreme climatic conditions, such as the cold and extended periods of ice cover which
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were removed from the dataset presented in Figure 42, due to the percentage of diatom frustules 
in  the  biovolume  measurements  being below  the  80%  threshold.  It  also  seems  unlikely that 
environmental  conditions  could  have  varied  sufficiently,  at  least  within  the  Holocene,  to 
generate the large residual errors observed in the BSi/diatom relationship (Fig. 40, 42). This is 
reinforced by 5 18O diatom measurements and high-resolution analyses of the diatom assemblages at 
Vydrino Shoulder, which indicate relatively stable conditions through the Holocene, including 
the  absence  of a  8.2  kyr events  (Morley,  2005;  Morley  et al,  2005).  Even  if environmental 
conditions had been more varied, it would be expected that only an occasional sample from a 
period of extreme palaeoenvironmental conditions would result in a notable residual error.  In 
practise  errors  of 5-10  wt.%  as  SiC> 2  are  present  for  most  samples  throughout  the  analysed 
sections,  including the late  Holocene and particularly for the samples from Vydrino  Shoulder 
(Fig. 42).
A further factor which may be controlling the wet-alkaline BSi record  is diatom dissolution, 
which can act to remove BSi from the sediment while leaving behind remains of the diatoms 
frustule  for  inclusion  in  diatom  biovolume  counts.  Laboratory  experiments,  however,  have 
shown that even after moderate dissolution a strong relationship should remain between wet- 
alkaline  BSi  measurements  and diatom concentrations  (Ryves  et al., 2001).  While  a variable 
BSi/diatom  biovolume  relationship,  such  as  that  observed  in  Figures  40  and  42,  might  be 
expected if diatom dissolution varied over time, results from Morley (2005) show dissolution to 
be low/moderate over the analysed interval at Vydrino Shoulder with no significant change in 
dissolution after 2.2  kyr BP.  Dissolution is also relatively constant at Continent Ridge (pers. 
comm.  Rioual,  2006).  In Chapter 8, which examines the glacial BSi record from Lake Baikal 
and where diatom preservation is extremely poor,  it is shown that the BSi/diatom biovolume 
relationship can break down in instances of extremely high diatom dissolution. However in the 
samples  analysed  here,  which  are  marked  by  only  low  to  moderate  diatom  dissolution, 
dissolution  can  tentatively  be  ruled  out  as  a dominant  control  on the  BSi/diatom biovolume 
relationship.
Based  on  the  above,  large  deviations  in  the  BSi/diatom  biovolume  relationship  may  be 
attributable to the relative inaccuracies of wet-alkaline BSi techniques to obtain both accurate 
and precise records of the true amount of BSi within an aquatic sediment sample. Whist some of 
the residual errors in the BSi/diatom biovolume relationship can be attributed to rarer taxa not 
being included in the diatom biovolume calculations, the possible extent to which this may have 
distorted the BSi/diatom biovolume relationship is likely minimal.  A key assumption of wet- 
alkaline BSi measurements is that concentrations inherently accounts for variations in the size 
and biovolume of diatoms and other forms of BSi within the sediment. Evidence here that large
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not be true, at least in the late-glacial/Holocene aged material analysed here from Lake Baikal. 
This is unfortunate as wet-alkaline based BSi measurements require significantly less analytical 
time than diatom biovolume analysis. On the one hand, the magnitude of the residual BSi errors 
observed here of up to 10 wt.% as Si02 are not significantly greater than the between laboratory 
reproducibility achieved in the inter-laboratory comparison study of Conley (1998) for samples 
containing >30 wt.% as  Si02.  However,  such errors are significant given that the majority of 
BSi concentrations analysed here over the late glacial and Holocene interval only contain 10-20 
wt.%  as  Si02.  As  such,  residual  errors  of up  to  10  wt.%  as  Si02   are  highly  relevant  when 
attempting  to  use  wet-alkaline  measurements  of BSi  to  reconstruct  and  distinguish  marked 
changes  in  diatom  productivity  and  so  palaeoenvironmental  and  palaeoclimatic  events.  For 
example,  over  glacial-interglacial  cycles  BSi  concentration  vary  by  20-30  wt.%  as  Si02. 
(Granina et al.  1993; Colman et al.  1995, 1999; Williams et al. 1997). Errors of 10 wt.% as Si02  
therefore  approximate  to  between  a  third  and  a  half  of  the  total  BSi  interglacial-glacial 
variability in Lake Baikal. Even at the lower end of the observed residual errors, an uncertainty 
of c.  5  wt.%  as  SiC> 2  still  represents  a  significant  proportion  of the  BSi  glacial-interglacial 
variability in Lake Baikal, as well as a significant proportion of the variability within individual 
glacial  and  interglacial  periods.  Whilst  results  here  indicate  the  unsuitability  of using  wet- 
alkaline  measurements  of BSi  for  quantitative  palaeoenvironmental  reconstructions  in  Lake 
Baikal,  further  tests  are  required  at  other  marine  and  lacustrine  sites  and  over  other  time 
intervals in order to fully assess the validity of these findings. As a first step towards this, the 
nature  of wet-alkaline  derived  BSi  records  is examined further in  Chapter  8  on glacial  aged 
sediments from Lake Baikal.
7.5. Conclusions
Within  Chapter  6,  it was  demonstrated  that a  sequential  Si/Al  methodological  may  result  in 
more accurate wet-alkaline BSi measurements by directly accounting for digested levels of non- 
BSi. Here in Lake Baikal, no significant difference is detected between the sequential Si/Al and 
Si/time  methodologies.  This  is  attributed to  the  low concentrations  of Al  which  are  digested 
from the late-glacial/Holocene samples analysed here during the alkaline extraction. In contrast, 
material  during  full  glacial  conditions,  from MIS  2  to  MIS  4,  indicates  significantly  higher 
levels of aluminosilicate digestion. Although results here do not advocate one wet-alkaline BSi 
method over another, given the potential for significant aluminosilicate digestion to occur and 
given that the amount of aluminosilicate digestion is not known in advance, the sequential Si/Al 
method  should  remain  preferable  to  use  when  attempting  to  minimise  any  errors  for  wet- 
alkaline based measurements of BSi.
Despite  these  considerations,  however,  and  whilst  previous  studies  from  Lake  Baikal  have
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concentrations (Qui et al.,  1993; Colman et al.  1995,  1999; Williams et al.  1997), results here 
suggest  that  wet-alkaline  measurement  of  BSi  are  not  capable  of accurately  documenting 
changes  in  diatom/siliceous  fossil  populations  within  sediment  samples.  While  wet-alkaline 
measurements  of BSi  possess  many  advantages,  including  the  ease  and  rapidity with  which 
samples  can  be  analysed,  it  is  suggested  that they may only be  suitable  for obtaining  quick 
qualitative indications of major stratigraphical changes in BSi/palaeoproductivity.  Instead it is 
proposed  that more time  consuming,  but ultimately more  accurate,  diatom taxonomic  counts 
and  biovolume  calculations  are  better  suited  for  generating  quantitative  estimates  of  BSi 
concentrations  and  estimates  of palaeoproductivity  in  Lake  Baikal  over  both  long,  glacial- 
interglacial, and shorter, millennial, timescales (e.g., Rioual et al., 2005; Morley, 2005). Whist 
errors do exist in the use of diatom biovolumes, including the possibility for individual species 
biovolumes  to  change  over  time  (Rioual,  unpublished  data),  these  issues  are  most  likely 
minimal and should not significantly alter the BSi/diatom biovolume relationship or lead to the 
large residual errors observed in Figure 40.
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8.1.  Introduction
As outlined in Chapter 7, wet-alkaline based measurements of Biogenic Silica (BSi) have been 
one of the most important proxies for determining the palaeoclimate history of Lake Baikal over 
glacial-interglacial  cycles.  Such  measurements,  are  regarded  to  be  a  more  practical 
measurement  of  the  amount  of  palaeoproductivity  in  the  sediment  than  diatom 
species/biovolumes due to the methods simplicity, significantly reduced analytical time and the 
presumption  that  BSi  measurements  account  for  variations  in  diatom  frustule  size  and 
biovolume.  While  results  in  Chapter  7  highlighted  a  link  between  wet-alkaline  BSi 
concentrations  and  diatom  biovolume  measurements  over  the  late  glacial/Holocene  interval, 
significant residual errors existed in the BSi/diatom biovolume relationship (Fig. 40). As such, 
this  suggests  that  wet-alkaline  measurements  of  BSi  may  only  be  suitable  for  making 
qualitative,  not  quantitative,  reconstructions  of  diatom  productivity/palaeoenvironmental 
change within the lake. To further investigate this issue and to complement the research on the 
late glacial/Holocene interval in Chapter 6, here the validity of wet-alkaline BSi measurements 
is assessed on glacial aged sediments from Lake Baikal.
An increasingly recognised feature of glacial lacustrine and marine sediment sequences around 
the globe are the presence of abrupt climate events, such as Heinrich and/or smaller amplitude 
Dansgaard/Oeschger (D/O) events (Heinrich 1988; Dansgaard et al.,  1993). While well studied 
in marine cores, uncertainty remains over the climatic response of these events in continental 
regions,  particularly at sites  far from oceanic influences.  Obtaining reliable  information from 
such  sites,  such  as  Lake  Baikal  (Fig.  37),  is  important  since  their  reduced  oceanic  control 
permits  associations  to  be  made  to  hemispheric  climatic  processes  and  their  global 
teleconnections.  Additionally,  these  sites  provide  information  concerning  the  rates  of 
environmental  change during these  events  in addition to  their impact  and regional  leads  and 
lags.
As research in Lake Baikal increasingly shifts towards the detection of abrupt glacial climatic 
events, it becomes crucial to understand the validity of wet-alkaline BSi measurements analysed 
in  these  glacial  aged  sediments,  particularly  in  relation  to  the  prevailing  hydrological  and 
sedimentary  environments.  Studies  at the  Buguldeika  Saddle (Fig.  37),  a hemipelagic  site  of 
moderate  sedimentation  in  the  south basin  dominated by input from the  Selenga River,  have 
shown  an  apparently  strong  relationship  between  wet-alkaline  measured  BSi  and  diatom 
concentrations in MIS 3  leading to the detection of Heinrich events 5-2 (Colman et al.,  1999; 
Prokopenko  et al,  2001  a,b).  Recent  studies  on diatom valve  dissolution  (e.g.,  Ryves  et al., 
2003;  Battarbee  et  al.,  2005;  Straskrabova  et  al.,  2005)  warrant  for  further  consideration, 
though,  that  increased  diatom  dissolution  may  have  impacted  the  sedimentary  and
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siliceous  microfossil  record.  Here  an  investigation  is undertaken  into the glacial  relationship 
between wet-alkaline derived BSi measurements and diatom biovolumes at Continent Ridge, a 
site of low sedimentation within Lake Baikal (Fig.  37). While Heinrich events have previously 
been detected at this  site  during MIS  3  using diatom concentrations (Swann et al.,  2005), no 
assessment has yet been made on the reliability of BSi measurements in detecting abrupt glacial 
climatic  events  at these  slow  accumulating  sites where the  influence of turbidites  is minimal 
(Charlet et al., 2005), but rates of diatom dissolution extremely high.
8.2.  Methodology
Samples  from  MIS  3/early  MIS  2  were  taken  from  a  3.9  m  Kasten  core  (CON01-603-5) 
collected from Continent Ridge in the north basin of Lake Baikal (see Fig. 37). Age models for 
core CONO1-603-5  are based on palaeomagnetism and radiocarbon dating  (see  Swann et al., 
2005). Core integrity has been confirmed by reflection seismic survey and side scan sonar data 
(Charlet et al., 2005). BSi concentrations were measured on one hundred samples following the 
wet-alkaline digestion technique detailed in Chapter 7. Due to the lower amounts of BSi within 
these  glacial  aged  sediments,  samples  were  digested  using  a  1%  Na2C03,  rather than  a  5% 
Na2C03   solution  as used  in  Chapter  7.  This  should  also  act to  reduce  the  magnitude  of any 
aluminosilicate  digestion  during  the  alkaline  extraction,  which  as  shown  in  Chapter  7  is 
significantly greater in full glacial-aged samples relative to late glacial/Holocene aged samples 
in Lake Baikal.  Samples were periodically shaken during the alkaline extraction with aliquots 
analysed  for  dissolved  Si  and Al  using  a Perkin  Elmer  Optima  3300RL ICP-AES  at  Royal 
Holloway, University of London.
All samples selected for BSi analysis have previously been analysed for diatom concentrations 
(Swann et al., 2005). All frustules included within the diatom calculations were also assigned 
into  one  of three  dissolution  stages  in  order  calculate  a  Diatom  Dissolution  Index  (DDI) 
following Flower and Likhoshway (1993) (Swann et al., 2005). As in Chapter 7, comparing the 
diatom concentrations of Swann et al. (2005) to wet-alkaline BSi measurements is problematic 
since  diatom  concentrations  fail  to  consider variations  in the  size  and  mass  of different taxa 
(Conley,  1988).  Within  Lake  Baikal,  the  range  of diatom  taxa  sizes  are  considerable.  For 
example, the two common MIS 3 taxa of Cyclotella sp. cf. gracilis (Nikiteeva and Likhoshway) 
and  Cyclotella  baicalensis  (Meyer)  Skv.  have  approximate  cell  bio  volumes  of  340  pm3  
(calculated here) and 81500 pm3  (Morley, 2005) respectively.  Diatom biovolumes, providing a 
more  accurate  indicator  of expected  changes  in  BSi,  were  therefore  calculated  here  for  the 
dominant planktonic and other large taxa based on the diatom concentration data in Swann et al. 
(2005).  Individual  diatom  species  biovolume  coefficients  were primarily  taken from existing 
values from the Kazantsevo interglacial (approximately corresponding to MIS 5e) and the late
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required,  biovolume  coefficients  for  other  taxa  were  calculated  from  the  MIS  3-2  samples 
analysed  here  following  Hillebrand  et al.  (1999).  Ideally,  all  species  biovolume  coefficients 
would have been calculated from the analysed MIS 3-2 sediments. However, this was avoided 
as far as possible due to the high extent of diatom dissolution with these samples, which could 
have led to considerable errors in calculating both species and sample biovolumes. Only when 
diatom  coefficients  could  not  be  calculated  from  other better preserved  sediments,  due  to  a 
species absence from the sediment record, were coefficients derived from the MIS 3-2 samples.
8.3.  Results
Ideally,  BSi  measurements  within  this  chapter  would  have  been  calculated  using  both  the 
Si/time  and  the  Si/Al  method  outlined  in  Chapters  6  and  7.  However,  Al  concentrations  in 
almost all sample aliquots here were below ICP-AES detection limits. This is attributable to the 
mistake  of diluting  samples  with  a  0.021  N  HC1  solution  to  prevent  sample  digestion,  as 
suggested  by  Conley  and  Schelske  (2001).  For this  reason,  this  stage  was  eliminated  in the 
preceding  Chapters  6  and  7.  Due  to  the  lack  of Al  data,  all  wet-alkaline  BSi  concentrations 
reported  below  refer  to  values  calculated  using  the  Si/time  methodology  (De  Master  1979, 
1981)  as  outlined  in  Chapter 6.  The  absence  of Al  data does  not,  however,  detract from the 
interpretation and discussion of results within this chapter as Si/Al measurements result in either 
similar or lower estimates of BSi than the Si/time method (see Chapters 6 and 7). Below, this 
chapter  highlights  the  presence  of  large  increases  in  diatom  biovolumes  for  which  no 
corresponding  large increase occurs  in  Si/time measurements of BSi.  Consequently, the same 
features, i.e. the absence of large changes in wet-alkaline measured BSi, would be apparent even 
if Si/Al  BSi concentrations  had been  successfully calculated. As  such,  the data interpretation 
and discussion is not affected by the absence of Al data for these samples.
Low  BSi  concentrations  were  observed  in  all  samples  from  Continent  Ridge  (range:  0.0-2.2 
wt.% as Si02 ) with fluctuations of 1.0-1.5 wt.% as Si02  throughout the MIS 3/2 interval (Fig. 
43). Sample reproducibility based on sample replicates of the analysed material is 0.41 wt.% as 
Si02. Similar to the BSi record, diatom concentrations are also low throughout the sequence (< 
1  x 107  valves/g dry wt) except from 53.3-51.5 kyr BP when concentrations increase from 0.056 
x  107   valves/g  dry  wt.  to  3.026  x  107   valves/g  dry wt.  (Fig.  43),  reflecting  a warm  interval 
terminated by Heinrich event 5 (Swann et al., 2005). Diatom biovolumes exhibit similar trends 
to  those  in  the  diatom  concentration  record with values  from  53.3-51.5  kyr BP significantly 
higher at  110 x  109  pm3 /g dry wt.  (Fig. 43). The DDI, however, indicates that over 99% of all 
diatom valves preserved in the sediment are affected by dissolution (Fig. 43, 44).
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Figure 43: BSi measurements, diatom concentrations (Swann et al, 2005), diatom biovolumes 
and  Diatom  Dissolution  Index  (DDI)  at  Continent  Ridge,  Lake  Baikal  during  MIS  3/2.  No 
relationship exists between BSi and diatom concentrations/biovolumes from 53.3-51.5 kyr BP 
(shaded)  suggesting  that  measurements  of BSi  are  not  recording  the  glacial  millennial-scale 
changes reflected in the diatom record.
156/205Figure 44: Typical, highly dissolved, diatoms from the MIS 3/2 sequence at Continent Ridge (A, 
B,  C,  D).  Corresponding  images  (E,  F,  G,  H)  of the  same  taxa  taken  from  the  Kazantsevo 
section  of the  same  core  (Rioual  and  Mackay  2005)  demonstrating the  increased  dissolution 
present in glacial aged sediments. A, B, E, F = C. gracilis (frustule diameter = 10-14 pm); C, G 
=  Cyclotella  omata  (Skv.)  Flower  (frustule  diameter =  35  pm);  D,  H  =  C.  minuta  (frustule 
diameter =12 pm).
8.4.  Discussion
In Chapter 7 it was  shown that while large residual  errors exist in the BSi/diatom biovolume 
relationship,  increases/decreases  in  BSi  remain  correlated  with  increase/decreases  in  diatom 
biovolumes  (Fig. 40). These qualitative changes have been further demonstrated in a range of 
other  studies  comparing  wet-alkaline  measurements  of BSi  and  diatom  populations  in  Lake 
Baikal over glacial-interglacial cycles  (e.g., Colman et al.,  1995;  1999; Williams et al.,  1997; 
Khursevich  et  al.,  2001;  Ryves  et  al.,  2001;  Karabanov  et al.,  2004).  As  such,  significant 
increases  in  diatom  populations/biovolumes  during  MIS  3/2  at  Continent  Ridge  would  be 
expected to result in a corresponding  large  increase in wet-alkaline measured BSi.  A notable 
feature of the Continent Ridge record is the lack of an increase in wet-alkaline BSi from 0.9-1.5 
wt.% as SiCb during the interval  at 53.3-51.5  kyr BP when diatom concentrations increase to 
3.026 x 107  valves/g dry wt. and biovolume measurements rise to  110 x 109  pm3 /g dry wt. (Fig. 
43). The absence of a wet-alkaline BSi increase is significant since the diatom records suggests 
the sudden onset of warmer, interstadial, conditions from 53.3 kyr BP with the decline in diatom 
concentrations at 51.5 kyr BP associated with a period of climatic cooling and expansion of ice- 
cover/thickness, linked in turn to the occurrence of Heinrich event 5 (see Swann et al., 2005). In 
contrast, the wet-alkaline BSi record does not display or indicate the presence of any of these 
millennial-scale changes.
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1999; Edlund and Stoermer 2000) in which a strong correlation exists between changes in both 
proxies, particularly  during the MIS  3  diatom rich phase (arrow 2).  C) For comparison,  wet- 
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Re-analysis of the wet-alkaline BSi and diatom profiles at the nearby Academician Ridge (Fig. 
37) reveals similar trends during MIS 3 (Williams et al., 1997; Khursevich et al., 2001) (see Fig. 
45a).  For example, notable increases in diatom concentrations approximately halfway through 
MIS 3 do not result in a corresponding large rise in wet-alkaline measured BSi (see Fig. 45a: 
arrow  1). Unlike Continent Ridge, a detailed chronology does not exist for the MIS 3 record at 
the Academician Ridge, preventing inter-site comparisons. However, this further evidence that 
measurements  of BSi  appear unable,  in  some  instances,  to  detect the  glacial  millennial-scale 
events indicated by visual diatom analyses, confirms that the results from Continent Ridge are 
not restricted to one site. With almost all BSi in the sediments of Lake Baikal originating from 
diatoms (Granina et al.,  1992), these results from two different sites, each analysed by different 
groups working on Lake Baikal,  suggests a clear problem in applying wet-alkaline based BSi 
measurements  to  glacial  aged  sediments.  It  therefore  becomes  necessary  to  suggest  possible 
mechanisms which may be operating to cause these features.
Important to the discussion is the record from the Buguldeika Saddle, a site in the south basin of 
Lake  Baikal  dominated  by  input  from  the  Selenga River  (Fig.  37).  Unlike  records  from the 
Academician and Continent Ridge, a strong relationship exists between qualitative changes in 
diatom concentrations and wet-alkaline measurements of BSi at the Buguldeika Saddle during 
the  last  glacial  (Fig.  45b)  (Colman  et al.,  1999;  Edlund  and  Stoermer  2000).  Of particular 
relevance  is  the  c.  10.0  x  107   valves/g  dry  wt.  increase  in  diatom  concentrations  at  the 
Buguldeika  Saddle  (Fig.  45b,  arrow  2)  which  is  synchronous  with  the  peak  in  diatom 
concentrations  at Continent  Ridge  from  53.3-51.5  kyr BP (Fig.  45c,  arrow  3)  (Swann et al., 
2005).  However, while this interval is not marked in the wet-alkaline BSi record at Continent 
Ridge, at the Buguldeika Saddle it is with BSi increasing from c.  11 wt.% as Si02  to c. 20  wt.% 
as Si02  (Fig. 45b, arrow 2) (Colman et al., 1999; Edlund and Stoermer 2000).
One possibility is that the dominant diatom taxa at the Academician and Continent Ridge during 
the periods of high diatom production in MIS  3  are only weakly silicified.  This would act to 
significantly reduce the amount of BSi within individual diatom frustules. At Continent Ridge 
samples  from  53.3-51.5  kyr  BP  are  dominated  by  C.  sp.  c.f.  gracilis  (63%  abundance),  an
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diatom and wet-alkaline BSi concentrations at the Buguldeika Saddle, where a good BSi/diatom 
relationship exists (Fig. 45b, arrow 2), is also almost entirely related to increases in C. gracilis, 
which is almost certainly the same as the C. sp. c.f. gracilis observed at Continent Ridge (Swann 
et al., 2005),  with no other notable changes  in individual diatom taxa concentrations (Edlund 
and Stoermer 2000). Consequently, C. gracilis is not likely to be weakly silicified. Similarly, the 
diatom  sequence  at  the  Academician  Ridge  during  MIS  3  is  dominated  by  Aulacoseira 
baicalensis  (Meyer)  Simonsen  and  C.  baicalensis,  both  of which  are  also  known  not  to  be 
weakly silicified (Battarbee et al., 2005).
The Academician  Ridge,  Continent  Ridge  and  Buguldeika  Saddle  are  all  situated  at  similar 
water depths, 321-375 m, suggesting that sinking times to the sediment-water interface at each 
sites are approximately constant.  Sedimentation rates, though, are markedly higher during MIS 
3  at the  Buguldeika  Saddle  (12.5  cm/kyr)  compared to the Academician (c.  4.0 cm/kyr)  and 
Continent Ridge (5.7 cm/kyr) (Prokopenko et al., 2001a,b,c; Swann et al., 2005). Differences in 
sedimentation rate alone,  however,  can not explain the  differences  in the BSi/diatom records 
since  sedimentation  rates  are  relatively  constant  at  individual  sites  over  glacial-interglacial 
cycles and highly correlated BSi/diatom population relationships have been documented at the 
Academician  Ridge  and  the  Buguldeika  Saddle  during  interglacials  (Williams  et  al.,  1997; 
Colman et al 1999; Edlund and Stoermer 2000; Khursevich etal., 2001).
A more likely explanation for the discordant BSi/diatom trends at the Academician Ridge and 
Continent Ridge during MIS 3 may lie in the high degree of diatom dissolution in Lake Baikal. 
Dissolution  is  a predominant  feature  in  Lake  Baikal  with  only  c.  1%  of all  living  diatoms 
incorporated  into  the  sedimentary  record  (Ryves  et  al.,  2003).  In  interglacials,  diatom 
dissolution is moderate. For example, over the last 1000 years 40-60% of sedimentary valves in 
Lake Baikal are affected by some form of dissolution (Mackay et al,  1998) while at Continent 
Ridge 60-90% of valves are affected by dissolution in the Kazantsevo interglacial (DDI = 0.1- 
0.4) (Rioual and Mackay 2005). Conversely the MIS 3/2 Continent Ridge DDI record, which to 
date is the only quantitative dissolution record available for glacial sediment within the lake, 
suggests that dissolution is significantly higher with c. 99% of frustules subjected to some form 
of dissolution (DDI = 0-0.1) and over 90% of all valves “heavily dissolved” (see Fig.  43, 44, 
and Swann et al., 2005).
Diatom dissolution today in Lake Baikal predominantly occurs at the sediment-water interface 
for most species (Ryves et al., 2003). It is therefore likely that during glacials, dissolution also 
mainly occurred here. It also follows that at slower sedimentation sites the potential for diatom 
dissolution and/or grazing by benthic organisms is greater due to the increased duration spent by
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duration spent by diatoms at the sediment-water interface may have become a critical factor at 
slow sedimentation sites such as Continent Ridge and the Academician Ridge. This would have 
been  marked  by  a  relative  increase  in  the  amount  of  diatom  dissolution,  compared  to 
interglacials,  which  would  have  increased  the  removal  of  diatom  bound  silica  from  the 
sedimentary record. Consequently, while microscopy based diatom counts are able to accurately 
document  changes  in  sedimentary  diatom  concentrations,  the  removal  of silica  from  diatom 
frustules would at the same time prevent or severely inhibit such changes being detected by wet- 
alkaline BSi measurements.  Such a process would explain why the wet-alkaline BSi record is 
muted at both Continent Ridge, from 53.3-51.5 kyr BP (Fig. 43), and at the Academician Ridge 
(Fig. 45a: arrow  1). In contrast, the higher sedimentation rates at the Buguldeika Saddle during 
MIS 3  suggests that burial rates there were sufficiently high during the last glacial to prevent 
excessive  diatom  dissolution/BSi  removal,  resulting  in  the  observed  strong  BSi/diatom 
relationship (Fig 4b).  While issues  of dissolution have previously been ruled out as having a 
significant impact on the wet-alkaline BSi record when dissolution is low to moderate (Ryves et 
al., 2001),  it is  suggested that this does  not hold for samples,  such as those analysed here  at 
Continent Ridge, were diatom dissolution is extremely high (Fig. 43, 44).
Several  mechanisms  might lead to  higher relative  diatom dissolution  at slower accumulating 
sites such as Continent Ridge during glacials, relative to interglacials. Temperature is unlikely to 
play a major role as glacial bottom water temperatures are unlikely to alter significantly over 
glacial-interglacial  cycles.  Instead  the  role  of biological  processes  on  diatom  dissolution  is 
emphasised.  Recent  work  has  highlighted  the  role  of  bacterial  action  in  aiding  diatom 
dissolution by removing the protective  layer of organic coating surrounding the frustules and 
thereby preparing the valve for chemical dissolution (Bidle and Azam 1999; Bidle et al., 2002;
2003).  Similarly other grazers,  including zooplankton, also selectively remove diatom organic 
coatings  leading  to  higher  diatom  dissolution  (e.g.,  Cowie  and  Hedges  1996).  Within  Lake 
Baikal, microbial activity has also been observed (Kuznetsov  1951;  Kozhova and Kazantseva 
1961), including the presence of saprophytic bacteria in the deepest waters (Straskrabova et al., 
2005).  The  fully  oxygenated water column  of Lake  Baikal also permits  many benthic  faunal 
communities such as amphipods to survive at the sediment-water interface feeding on organic 
matter. Studies have also shown that modem faunal communities in Lake Baikal have prevailed 
through at least the Quaternary (Sherbakov  1999).  Therefore,  although populations may have 
been lower during glacial periods, rates of biological attack may have continued but perhaps at a 
higher relative intensity due to the lower numbers of diatoms in the water column. It is therefore 
suggested  that  during  glacials,  diatoms  reaching  the  sediment-water  interface  are  more 
intensively acted upon by biological communities, relative to interglacials, leading to the highly 
dissolved  diatom  frustules  which  characterise  glacial  sequences,  such  as  at  Continent Ridge
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increase  in biological  action  on diatoms  may also have taken places,  the  faster accumulating 
sediments  at these  sites  would have  limited the time  spent by diatoms  at the  sediment-water 
interface,  resulting  in  better preservation  and  hence  a  stronger BSi/diatom  relationship  (Fig. 
45b, arrow 2). In agreement with Carter and Colman (1994) therefore, “diatom barren” glacial 
sequences  in  Lake  Baikal  may  reflect  lower production,  combined  with  sustained  and more 
intensive  diatom dissolution,  rather than an extinction  or retreat of diatoms to  shallow-water 
refugia as suggested by Karabanov et al. (2004).
8.5.  Conclusions
Wet alkaline measurements of BSi have been a fundamental proxy in establishing Lake Baikal’s 
palaeoenvironmental history over glacial-interglacial cycles. Results and re-analysis of existing 
data,  though,  indicates  no  relationship  between  wet-alkaline  BSi  measurements  and  diatom 
concentrations over glacial millennial-scale events at two slow sedimentation sites (Fig. 45a, c). 
This is most likely due to a relative increase in diatom dissolution at slower sedimentation sites 
in glacials, removing diatom bound BSi from the sedimentary record (Fig. 44). This contrasts 
with results from the Buguldeika Saddle where sedimentation rates are significantly higher (Fig. 
45b),  suggesting  that  site  selection  and  characteristics  are  important  factors  in  determining 
whether  wet-alkaline  derived  BSi  measurements  will  display  glacial  millennial-scale  events. 
Despite the increased analytical time involved, such changes in Lake Baikal may instead be best 
identified using diatom biovolume measurements rather than wet-alkaline measurements of BSi. 
This  is  important  given  the  need  for further work in Lake Baikal  to address  and understand 
glacial  palaeoclimatic  conditions  and  the  teleconnections  which  appear  to  have  prevailed 
between Europe and central Asia during these periods (see Prokopenko et al., 2001 a,b; Swann 
et al., 2005). The use of diatom biovolume measurements in Lake Baikal is further reiterated in 
light  of  results  in  Chapter  7,  which  highlights  large  residual  errors  between  wet-alkaline 
measurement of BSi and diatom biovolume concentration even when diatom dissolution is not 
significant.
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9.1. Summary of findings
The  aim  of the  research  carried  out  in  this  thesis  was  twofold.  The  first  was  to  assess  the 
potential  of using  records  of 81 8 Odiatom   in  palaeoceanographic  reconstructions  as  a  means  of 
increasing the number of biologically derived 5 180  records from high latitude regions. This was 
assessed at ODP Site 882 in the North West Pacific Ocean, a site at which both carbonates and 
diatoms  are  preserved  within  the  sediment record.  Particular aims  within the thesis  included 
developing  methodologies  for  extracting  pure,  mono-specific  diatoms  from marine  sediment 
samples, investigating the extent to which vital effects may be present in 5 18O djatom and assessing 
the potential of 5 18O djatom in palaeoceanographic reconstructions. The second part of the PhD was 
aimed  at assessing the  accuracy  of wet-alkaline  derived BSi measurements  and the extent to 
which such measurements can be used in marine and lacustrine sequences to obtain information 
on  the  global  silicon  cycle.  The  sub-sections  below  summarise  the  extent  to  which  these 
objective  where  achieved  and  the  contribution  of this  research  to  the  academic  community. 
Finally, in Section 9.2 an assessment is made as to the current state of 51 8 Od iatom  and BSi research 
as well as the future research directions that are required within these areas.
9.1.1. Diatom extraction/preparation
Chapter 2 presented  a method for extracting pure, near species  specific,  diatom  frustules  for 
isotope  analysis  from  marine  sediment  samples  that  are both relatively  rich  and depleted  in 
diatom  microfossils.  While  heavily  based  upon  existing  methodologies  (e.g.,  Morley  et al.,
2004), the method demonstrated the importance of analysing the size range of individual taxa 
under a microscope in order to identify size fractions which would minimise species diversity 
within the extracted samples. This approach contrasts with previous studies which have focused 
on only extracting and analysing bulk diatom species samples for isotope analysis. In addition, 
the  method  also  emphasises  the  importance  of  calculating  the  relative  diatom  species 
biovolumes in the final extracted sample as a means of identifying the relative contribution of 
individual taxa to a 5 ,8O diatom measurement.
9.1.2. Diatom isotope vital/species effects
Chapters  2  and  3  demonstrated  the  presence  of large  8 l8O diatom  offsets  between  different  size 
fractions of diatom over two time intervals at ODP Site 882 in the North West Pacific Ocean: 
2.86-2.56 Ma and the last 200 kyr. In almost all instances, the offsets were significantly greater 
than the combined RMSE (Root Mean Squared Error) of the two size fractions. However, due to 
the multiple factors and different processes which may be contributing towards the offsets, and 
given that the mechanisms behind the  fractionation of oxygen into  diatoms remain relatively 
poorly understood, it is not currently possible to ascertain the precise mechanisms controlling 
the offsets. While these offsets are referred to as a species effect, due to isotopic equilibrium not
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2.57 Ma, with the smaller 75-150 pm fraction having a higher 81 8 Odiatom  value than the >150 pm 
fraction at almost all  levels (Fig.  11), the offset is concluded to reflect a possible size-related 
effect in 8 l8 O d ja to m -  While Schmidt et al. (2001) suggested that differences in diatom growth rates 
may lead to differences in diatom oxygen isotope fractionation, no evidence of such a process 
could be distinguished here. The highly variable nature of the  5 ,8 O diatom   offsets (mean = 1.23%o, 
max = 3.5l%o), may also indicate that other processes, such as an inter-species effect, are also 
contributing to the offsets. In contrast to the size-related effect identified in Chapter 2,  5 18O d iatom  
offsets within Chapter 3 are highly variable with frequent changes in the direction of the isotope 
offsets (Fig.  16). Again the precise mechanisms causing these offsets is not known. However, 
evidence indicates that the offsets are not related to a seasonality or habit effect. The frequent 
changes in the direction of the offsets also makes it clear that the offsets are not dominated by a 
size  effect  similar  to  that  present  in  Chapter  2.  This  raises  the  possibility  that  the  offset 
documented  in  both  Chapters  2  and  3  may  be  caused  by  a  series  of processes,  the  relative 
importance of which can vary over time. Possible factors which fall into this category include 
the effects of nutrient availability, growth rate, silica maturation and inter/intra-species and size- 
related vital/species effects.
Given  the  difficulties  within  this  PhD  in  identifying  the  mechanisms/processes  behind these 
offsets, an inherent problem when working with palaeoenvironmental data, there is a clear need 
for further laboratory culture, core top and water column experiments to better understand inter- 
and intra-species variations in the fractionation of oxygen into diatoms.  In addition, since the 
role  of silica maturation  associated  secondary  isotope  exchange remains  a possible  factor in 
contributing  to  the  offsets,  further  research  is  also  required  into  inter-  and  intra-species 
variations  in  the  magnitude  of secondary  isotope  exchange  in  diatoms.  In  the  interim,  the 
detection of large isotope offsets between different size fractions and possibly different diatom 
taxa has significant future implications for research involving  5 18O d iato m .  In contrast to existing 
8 18O d iatom   studies, which are often associated with analysing bulk diatom samples comprised of 
multiple taxa, here it is shown that there is a clear need for future studies to consider in detail 
the  diatom  species  composition  of  samples  analysed  for  5 l8 O d iato m .  As  such,  future 
palaeoenvironmental  studies  using  5 18O d iat0 m   need  to  focus  on  extracting  and  only  analysing 
single species samples over a finite size range. In addition, the extracted taxa need to be focused 
towards  blooming  over  a  single  season  or  period  of  time,  within  which  photic  zone 
environmental  conditions  are  relatively  constant,  in  order to  eliminate  any  seasonality effect. 
While seasonality effects are shown in Chapter 2 and 3 to not be a significant issue within the 
5 18O d iatom   samples analysed here, it remains wise to minimise their impact as far as possible in all 
future studies. Such work, while difficult, may well be essential in further progressing  8 18O d iat0m  
research  and minimising  both  the  analytical  and  interpretational  errors  often  associated with
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9.1.3.  Diatom isotopes in palaeoceanographic reconstructions
The potential of using 51 8 Odiatom  in palaeoceanographic reconstructions is assessed in Chapters 4 
and 5 at ODP Site 882. These chapters, for the first time, highlight the clear potential in using 
records of 51 8 Odiatom  in the North Pacific Ocean, provided that the issue of vital/species effects 
demonstrated  in Chapters  2  and  3  can be avoided.  Furthermore, they highlight the ability for 
5 18O d iat0m  to  both  complement  and  extend  the  multitude  of existing  biological  51 8 0   records, 
predominantly foraminifera 5lsO records from mid and low latitude regions, into high latitude 
regions.  Chapter 4 analysed 51 8 Odiatom  over the onset of major NHG. In conjunction with other 
proxy  data  including  benthic  and  planktonic  records  of  8 ,8O fo ram,  magnetic  susceptibility, 
opal/diatom  accumulation  rates  and  UK 3 7,  it  was  shown  that  a  significant  freshening  and 
warming of the surface waters occurred at 2.73 Ma, resulting in the development of a halocline 
driven stratified water system (Fig. 21:). In conjunction with model work in Haug et al. (2005), 
these changes caused the region to act as a major moisture source for Northern America. With 
C. radiatus and C. marginatus both primarily blooming during the autumn/early winter months, 
the results further suggest the warm pool of surface water in the region, and hence the moisture 
supply to the North American continent,  would have continued into the winter months at the 
time most favourable for glacial growth.
Chapter  5  analysed  the  palaeoceanographic  changes  at  ODP  Site  882  over the  last  200  kyr, 
covering the last two glacial cycles. In contrast to almost all previous studies, which argue for a 
constantly stratified system in the region from at least the last glacial onwards (Keigwin et al., 
1992; Sancetta, 1983; Jaccard et al., 2005; Brunelle et al., 2007), evidence was found to suggest 
that at least four intervals of unstratified conditions existed in the past (Fig.  27). Furthermore, 
these changes appear concomitant with changes in atmospheric C02  concentrations, as recorded 
in  the  Vostok  ice  core  (Fig.  30)  (Anklin  et al.,  1997;  Petit et  al.,  1999).  As  detailed below, 
further work is required to fully evaluate the spatial representativeness of this signal across the 
North Pacific Ocean.  In addition, work is also required to improve the temporal resolution of 
this record and to establish a direct record of changes in surface water pC0 2. Without this, both 
the  forcing  mechanisms  for  these  stratification  changes  and  the  contribution  of the  region 
towards changes in global concentrations of atmospheric C02  will remain unknown. However, 
based on the available evidence, it appears that the North Pacific Ocean may act as an important 
region for further understanding past changes in atmospheric C02  over both glacial-interglacial 
and millennial timescales.
Based  on  this  demonstration  with  regards  to  the potential  in using records  of  8 18O d iatom,  it is 
reasonable to assume that the number of studies using 51 8 0  diatom  in palaeoceanographic studies
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be easily extracted. This is likely to be furthered by the development of analytical procedures 
which require smaller numbers of diatom frustules for 5lsO analysis. An interesting finding of 
this thesis is the contrast between records of 5 ' 8O diatoin,  which displays changes of up to  14%o, 
and the more muted records of planktonic  5 18O f0ram  over the same intervals (e.g., Figure 21: in 
Chapter 3 and Figure 24 in Chapter 4). On the basis of modem day water column studies, this is 
most likely attributable to the planktonic foraminifera living below the stratification boundary 
and away from the uppermost sections of the water column. As such records of 81 8 Odiato ra should 
be viewed, at least in the North Pacific Ocean, not only as a substitute to records of planktonic 
§ 18Oforani,  but also  as  a possible  improvement  due  to  the  ability for  5 18O diatom  to  provide more 
direct insights into actual surface water conditions and palaeoceanographic changes.
9.1.4.  Biogenic Silica
It was expected that research within this  thesis would further verify the validity of using BSi 
measurements  in  palaeoenvironmental  research  whilst  also  establishing  the  advantages  of a 
Si/Al  sequential  extraction  approach  over a  Si  only methodology  for measuring BSi.  This  is 
important as wet-alkaline measurements of BSi may provide valuable insights into the global 
silicon  cycle,  and  so  complement records  of 830Sidiatom .  In  Chapter 6  it was  shown that  clear 
potential exists  in using a Si/Al approach over a Si only methodology.  For samples in which 
relatively  large  amounts  of  Al  were  digested  during  the  alkaline  extraction,  significant 
differences were observed between the Si/Al and Si only methodologies (Table  13). Given that 
the  Si/Al  methodology  is  able  to  more  directly  account  for  levels  of  non-BSi,  i.e., 
clay/aluminosilicate digestion, it is proposed that the lower BSi values achieved with the Si/Al 
method represent an improved and more accurate estimate of the true amount of BSi within a 
sediment sample.
Evidence within Chapters 7 and 8, however, casts significant uncertainty over the future use of 
wet-alkaline  BSi  measurements  in  palaeoenvironmental  research,  regardless  of the  methods 
employed.  In Chapter 7,  comparisons between measurements of BSi (both Si/Al and Si/time) 
and  records  of diatom  biovolume  concentrations  in  Lake  Baikal,  which  can  be  regarded  to 
represent  a  more  accurate  indicator  of the  true  amount  of BSi  within  an  analysed  sample, 
indicate a poor relationship between the two variables with large residual errors (Fig.  40). As 
such,  significant problems  exist  not  only  in  the  accuracy  and  reliability  of wet-alkaline  BSi 
measurements,  but  also  in  their  suitability  for  documenting  quantitative  changes  in  diatom 
populations and associated shifts in the local silicon cycle.
Chapter 8 further highlighted the problem of wet-alkaline BSi concentrations in samples which 
are affected by extremely high levels of diatom dissolution. In the case of glacial aged samples
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from diatom frustules (Fig. 44). This in turn leaves behind only the highly dissolved remains of 
the diatom frustule  in the  sediment record, which can only be “measured” and accounted for 
through  microscope  based  diatom  biovolume  observations,  not by  geochemical  methods.  As 
such,  while  diatom  biovolume  measurements  document  a  series  of  large  millennial  scale 
climatic and environmental  events during MIS  3, the wet-alkaline BSi records does not show 
any of these changes (Fig. 43). Based on this, and despite the increased analytical time involved, 
it is concluded that palaeoclimatic and palaeoenvironmental investigations into the silicon cycle 
and  changes  in  diatom/BSi  palaeoproductivity  are  best  carried  out  using  diatom  biovolume 
concentrations rather than wet-alkaline measurements of BSi.
9.2.  Further work
Based on the summaries of the PhD research highlighted above, several lines of future work can 
be identified:
1)  A clear need exists for culture, sediment core top and water column studies to assess the 
extent to which vital/species effects exist within  6 18O diatom in both marine and lacustrine 
systems.  While  Chapter  2  and  3  demonstrated  significant  isotope  offsets  between 
different  size  fractions  of diatoms,  it  was  not  possible  to  determine  the  controlling 
mechanisms.  This  needs  to  be  complemented by  experiments  to  assess  the  extent to 
which inter- and intra-species variations exist in diatom hydroxyl layer thickness. Since 
diatom biovolume measurements on the unreacted purified sample provides important 
information on the contribution of individual taxa to a 5,80  measurement, it is crucial to 
ascertain  whether corrections  are  required to  account for variations  in hydroxyl layer 
thickness. Without this,  it may prove difficult to account for possible inter- and intra­
species isotope effects in mixed taxa samples.
2)  The  greatest  remaining  uncertainty  over  the  use  of 518O dia,om  in  palaeoenvironmental 
reconstructions  concerns  the  presence  of  silica  maturation  and  secondary  isotope 
exchange  within  diatoms.  In  particular,  it  precise  operation  and  impact  remains 
unknown with very little/no understanding as to inter- and intra-species variation in its 
magnitude and the processes which may cause changes in its magnitude. Further work 
to  investigate  this  issue  needs  to  determine  the  fractionation  factor  for  secondary 
isotope exchange so that,  if required, attempts can be made to correct for the possible 
effects of silica maturation on records of 5 18O diatom.This work is likely to be particularly 
critical  in  marine  systems  where  large  differences  in  8 ,80 Water  can  exist between  the 
surface and sub-surface waters. Whilst evidence in Chapters 2-5 points towards issues 
of secondary  isotope  exchanges  as  not  being  a  significant  factor  at  O D P  Site  882,
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51 8 O diatom   at  other  sites  can  be  used  to  derive  robust  quantitative,  as  opposed  to 
qualitative, palaeoenvironmental reconstructions.
3)  Palaeoceanographic  reconstructions  in  Chapters  4  and  5  were  affected  by  the 
uncertainty  over  the  true  51 8Odlatom-temperature  coefficient  in  marine  systems.  Whilst 
strong  evidence  exists  that  a  coefficient  of —   0.2%o/°C  applies  to  lacustrine  systems 
(Brandriss et al.,  1998; Moschen et al., 2005), in marine systems values range from c. 
-0.3%o/°C  to  -0.5%o/°C  (Juillet-Leclerc  and  Labeyrie,  1987;  Shemesh  et  al.,  1992). 
Within this thesis,  separate calculations using coefficients of -0.2%o/°C and -0.5%o/°C 
were  performed  for  each  separate  reconstruction.  In  order  to  reduce  the  errors 
associated with using 51 8 0diatom in future palaeoceanographic studies, it is necessary to 
resolve  this  issue.  Water and modem  diatom  samples  are being  collected in a cruise 
across  the  North  Pacific  Ocean  in  collaboration  with  Jonaotaro  Onodera  (Kochi 
University,  Japan)  in  late  summer/autumn  2007.  It  is  hoped  that  analysis  of these 
samples will provide a solution to this issue.
4)  Within  the  context of Chapter 4 covering the  onset of major NHG at ODP Site  882, 
further work is required to improve the temporal resolution of the 5 18O diatom record after 
2.67 Ma in order to assess the stability and changes in the halocline stratification during 
the  glacial-interglacial  cycles  that  follow the  onset  of major NHG. At present,  large 
changes in 5I8Odiatom  are observed after 2.67 Ma (Fig. 21:) but their significance can not 
be fully evaluated in the absence of additional data. Attempts to resolve this during the 
PhD failed,  due  to  the difficulties  in extracting sufficiently clean diatom material  for 
isotope analysis over this interval.
It is also important to obtain a spring based  5 l8O diatom  record from ODP Site  8 8 2 .  This 
would significantly complement the autumn/early winter record presented in Chapter 4 
and  further  aid  interpretation  of  the  spring  planktonic  6 18O foram  record.  At  present, 
measurements  of planktonic  8 ,8O f oram  over the  onset of major NHG  at ODP Site  8 8 2  
indicate  a significant decrease  in  SST (Maslin  et al.,  1 9 9 5 ;  1 9 9 6 ) .  However,  since  it 
remains  possible  that  the  analysed  foraminifera  may  have  been  living  below  the 
halocline boundary, a spring 5 18O diatom record is required to fully evaluate changes in the 
region  during  the  spring  months.  Attempts  to  do  this  during  the  PhD  by  analysing 
5 18O diatom  in  the  smaller,  primarily  spring  blooming,  < 7 5   pm  size  fractions  were 
compromised by the presence of multiple taxa and large fragments of broken >75  pm 
autumn  blooming  taxa  (C.  radiatus  and  C.  marginatus).  Future  attempts  to  obtain  a 
spring 5 ,8O diatom record will include the use of a micro-manipulator, which will allow the 
extraction of a single, spring blooming, taxa sample for isotope analysis.
168/2055)  Evidence in Chapter 5 provided evidence of several changes in the stratification state of 
the North Pacific Ocean over the last 2 0 0  kyr. However, at present it is not possible, due 
to the  low resolution nature  of the 51 8 O diatom  record, to establish the precise timing of 
these  changes,  their  controlling  mechanisms,  the  extent  to  which  similar  changes 
occurred  over millennial  timescales  and the  extent to which the  changes observed at 
ODP Site  8 8 2   are representative of transitions  across the wider North Pacific Ocean. 
Furthermore,  given  the  existing  low  resolution  nature  of the  8 18O diatom  record,  it  is 
possible  that  other  stratification  changes  occurred  in  addition  to  those  identified  in 
Chapter 5 (Fig.  2 7 ) .   As such, there is a need for a significant increase in the number of 
§ l8O diatom  measurements over this  interval, both at ODP Site  8 8 2   and elsewhere across 
the North Pacific  Ocean.  In order to  fully  evaluate the implications of these  inferred 
shifts in stratification state, it is also essential to obtain a direct record of surface water 
pC0 2.  Given  these  needs,  attempts  are  currently  underway  to  increase  the  temporal 
resolution of the 5 18O diatom record at ODP Site  8 8 2 .  In addition, an investigation is being 
planned  to  analyse  5 30Sidiatom   (to  assess  changes  in  nutrient utilisation  and  silica acid 
input to the photic zone) in addition to the 51 3 C of the included organic matter within 
diatoms and compound specific biomarkers in alkenones, in order to obtain a record of 
changes in surface water pC 02.
6)  Part  2  of  the  PhD  provided  strong  evidence  against  the  use  of  wet-alkaline  BSi 
measurements  in  future palaeoenvironmental  studies.  While the  Si/Al  technique  may 
produce more  accurate measurements  of BSi, results  in Chapters 7 and 8 highlighted 
significant  problems  with  regards  to  the  accuracy  and  meaningfulness  of  these 
measurements.  Instead,  it  was  suggested  that  significantly  more  accurate  records  of 
diatom palaeoproductivity and insights into the silicon cycle could be achieved through 
microscope measurements of diatom biovolumes. This could be complemented in future 
work by the  increased usage  and  development of 830Sidiato m  as  a palaeoenvironmental 
proxy,  in  instances  where  sufficient pure  diatom material can be  extracted.  However, 
given the widespread usage of wet-alkaline BSi measurements in palaeoenvironmental 
investigations  over the past 20 years,  it would be unwise to dismiss the proxy on the 
basis of this  study alone. As such, further studies are required across a range of other 
marine  and  lacustrine  sites  in  order  to  fully  evaluate  the  relationship  between  wet- 
alkaline  measurements  of  BSi  and  microscope  based  measurements  of  BSi/diatom 
bio  volumes.
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